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ABSTRACT

Recent advances in surface science technology have opened new opportunities for atomicscale studies in the field of nanoparticle (NP) catalysis [1, 2]. The 2007 Nobel Prize of
Chemistry awarded to Prof. G. Ertl, a pioneer in introducing surface science techniques to
the field of heterogeneous catalysis [3–16], shows the importance of the field and revealed
some of the fundamental processes of how chemical reactions take place at extended surfaces.
However, after several decades of intense research, fundamental understanding on the factors
that dominate the activity, selectivity, and stability (life-time) of nanoscale catalysts are still
not well understood. This dissertation aims to explore the basic processes taking place in
NP catalyzed chemical reactions by systematically changing their size, shape, oxide support,
and composition, one factor at a time. Low temperature oxidation of CO over gold NPs
supported on different metal oxides and carbides (SiO2 , TiO2 , TiC, etc.) has been used as a
model reaction. The fabrication of nanocatalysts with a narrow size and shape distribution
is essential for the microscopic understanding of reaction kinetics on complex catalyst systems (“real-world” systems). Our NP synthesis tools are based on self-assembly techniques
such as diblock-copolymer encapsulation and nanosphere lithography. The morphological,
electronic and chemical properties of these nanocatalysts have been investigated by atomic
force microscopy (AFM), scanning tunneling microscopy (STM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and temperature-programmed
desorption (TPD).
Chapter 1 describes briefly the basic principles of the instrumentation used within this
iii

experimental dissertation. Since most of the state-of-art surface science characterization
tools provide ensemble-averaged information, catalyst samples with well defined morphology
and structure must be available to be able to extract meaningful information on how size
and shape affect the physical and chemical properties of these structures. In chapter 2,
the inverse-micelle encapsulation and nanosphere lithography methods used in this dissertation for synthesizing uniformly arranged and narrow size- and shape-selected spherical and
triangular NPs are described.
Chapter 3 describes morphological changes on individual Au NPs supported on SiO2 as
function of the annealing temperature and gaseous environment. In addition, NP mobility
is monitored.
Chapter 4 explores size-effects on the electronic and catalytic properties of size-selected
Au NPs supported on a transition metal carbide, TiC. The effect of interparticle interactions
on the reactivity and stability (catalyst lifetime) of Au NPs deposited on TiC is discussed
in chapter 5.
Size and support effects on the formation and thermal stability of Au2 O3 , PtO and
PtO2 on Au and Pt NPs supported on SiO2 , TiO2 and ZrO2 is investigated in chapter
6. Emphasis is given to gaining insight into the role of the NP/support interface and that
played by oxygen vacancies on the stability of the above metal oxides.
Chapter 7 reports on the formation, thermal stability, and vibrational properties of
mono- and bimetallic Aux Fe1−x (x = 1, 0.8, 0.5, 0.2, 0) NPs supported on TiO2 (110).
At the end of the thesis, a brief summary describes the main highlights of this 5-year
research program.
iv

To my wife, Tomoko.
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CHAPTER ONE: INTRODUCTION

1.1

Description of experimental characterization techniques and methods

Nowadays, surfaces and interfaces between two phases (solid-vacuum, solid-gas, or solidliquid) can be studied by using high resolution microscopy and chemical characterization
tools. The branch of science which deals with the physico-chemical properties of materials
at the level of a surface or interface is known as Surface Science.
The development of this field was strongly influenced by several events [17, 18]: thermionic
emission studies by Irving Langmuir, the theory of the photoelectric effect by Albert Einstein,
and electron diffraction experiments by Clinton Davisson and Lester Germer [19] confirming
the wave nature of quantum mechanical particles proposed by Louis de Broglie. However,
surface science emerged as a true research discipline only in the 1960s with technological advances [20], including the development of a variety of electron spectroscopies (e.g.,
low-energy electron diffraction and Auger spectroscopy) operated under ultrahigh vacuum
(UHV) conditions (pressure below 10-9 Torr). Such conditions were found to be necessary
to keep the samples clean during the hours of experimental work. Metal UHV technology
associated with the U.S. space program allowed to substitute the preceding less flexible, glass
parts required for UHV experiments, by more robust stainless steel designs. At this time,
the need of controlled experiments on well-characterized solid surfaces (e.g., single crystals)
that could also be described theoretically emerged. The discovery of the transistor in 1947
and its introduction into the semiconductor microelectronics or integrated electronics [21] in-
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Sample Preparation Chamber
Surface Analysis Chamber

STM Chamber

Loadlock + Distribution Chambers

Figure 1.1: State-of-the-art UHV system available in Dr. Roldán’s laboratory.

dustry has further opened the doors for the development of more complex and sophisticated
experimental probes for the characterization of surfaces and interfaces.
At present, synchrotron based experimental techniques demonstrate the level of sophistication and modern technological achievements available at present for further studying surface science problems. A brief description of one of these experimental techniques, Nuclear
Resonant Inelastic X-ray Scattering (NRIXS), that will be used for some of the measurements
included in this dissertation will be described at the end of this chapter.
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Table 1.1: Description of instrumentation used for the experiments described in this
dissertation (Dr. Roldán’s laboratory, UCF).

Preparation Chamber
•

4-pocket electron beam evaporator (OS-Vap-4p, Oxford Scientific)

•

Dual Knudsen-cell evaporator

•

Quartz microbalance (MCM-160, McVac Manufacturing)

•

Hybrid atom/ion Plasma source (OSMiPlas, Oxford Scientific)

•

Argon sputter-etch gun (IQE 11/35, SPECS GmbH)

•

Quadrupole Mass Spectrometer (RGA100, Stanford Research Systems)
Surface Analysis Chamber

•

Hemispherical electron energy analyzer (PHOIBOS 100, SPECS GmbH)

•

Non-monochromatic (Al/Mg anodes, XR50, SPECS GmbH), monochromatic (Al/Ag anodes,
XR50M, SPECS GmbH) X-ray sources and ellipsoidal quartz crystal monochromator (FOCUS500,
SPECS GmbH) for XPS. Excitation energies: Al-Kα = 1486.6 eV (400 W), Mg-Kα = 1253.6 eV
(300 W), Ag-Lα = 2984.2 eV

•

Electron source (EQ 22/35, SPECS GmbH) for AES

•

Ultraviolet Source (UVS 10/35, SPECS GmbH) for UPS. Excitation energies: He-Iα = 21.22 eV
and He-IIα = 40.82 eV

•

Quadrupole Mass spectrometer (HIDEN Analytical, HAL301/3F) for TPD

•

Low Energy Electron Diffraction (ErLEED 1000A, SPECS GmbH)

•

Gas manifold for sample dosing (SPECS GmbH)

•

Nanosecond Nd:YAG laser (NL303G, PS5062A-1, EKSPLA) − 3−6 ns laser width. 355 nm (68
mJ/cm2 ), 532 nm (105 mJ/cm2 ), 1064 nm (250 mJ/cm2 ). Beam spotsize: φ ∼ 8 mm
Scanning Tunneling Microscopy chamber

•

Variable Temperature Scanning Tunneling microscope (Aarhus-150, SPECS GmbH), −77 K−400 K

•

Parking station with heating capabilities (SPECS GmbH)

•

Argon sputter gun (IQE 11/35, SPECS gmbH) for tip cleaning
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1.1.1

Description of UHV system

All morphological, in-situ electronic and chemical characterization described in this dissertation was conducted in a modular UHV system specifically designed for the preparation
and characterization of nanoscale catalysts, Fig. 1.1. The typical base pressure in this system
is 1−2×10−9 mbar. These modular system consist of four UHV chambers: loadlock chamber
for quick sample transfer into UHV, sample preparation chamber, surface analysis chamber,
and scanning tunneling microscopy (STM) chamber. The instrumentation available in each
chamber is listed in Table 1.1 and will be described in more details in subsequent sections. In
this Ph.D. work, morphological sample characterization will be carried out ex-situ by atomic
force microscopy (AFM) and in-situ by STM. Electronic and chemical sample characterization was conducted by X-ray photoelectron spectroscopy (XPS) and scanning tunneling
specroscopy (STS). Chemical reactivity was monitored by temperature-programmed desorption (TPD). In addition, ex-situ transmission electron microscopy (TEM) studies were
conducted in collaboration with Dr. Daniela Sudfeld (Department of Physics, University of
Duisburg-Essen, Germany) and Prof. Dr. Helge Heinrich (UCF).

1.1.2

Morphological properties (TEM, STM, AFM)

Transmission electron microscopy (TEM)

The development of electron microscopes such as TEM and scanning electron microscopes
(SEM) has allowed the observation of real-world nanocatalysts with atomic resolution. See
for example Figs. 4.4 and 4.5 and Refs. [252, 254, 255, 259, 263–266].
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The principles of operation and other technical aspects of electron microscopes are described in detail in Refs. [25, 26, 41]. Briefly, electrons are generated in vacuum by thermionic
or field emission. Due to the particle nature of electrons, they can be accelerated, focused,
and the illumination controlled by a set of condenser-lens system. According to de Broglie’s
√
theory, λ = h/ 2 · m0 · E, higher acceleration energies generate shorter wavelengths, resulting in much higher resolutions than the best known optical microscopes1 . The acceleration
voltage of the standard instruments is in the range of 100−300 kV. The interaction of electrons with the sample results in elastic (backscattered), inelastically scattered (diffracted),
secondary electrons, Auger electrons, photons, and X-rays. In TEM measurements, using
typical electron beams of 100 keV a sample thickness of 5−100 nm is needed to obtain a
sufficient yield of transmitted electrons. Several sample preparation techniques have been
developed for the preparation of TEM samples, such as focused ion beam (FIB) treatments
for cross sectional TEM. The transmitted electrons are focused onto a fluorescent screen
by a set of lenses. The final image is recorded digitally by a CCD camera. The modern
aberration-corrected TEM has a typical resolution of 0.2 nm and magnifications of 106 have
been reported [25, 27, 41]. Since the interaction of primary electrons with the sample excites photons and electrons, additional analysis techniques can normally be found in electron
microscopes, including energy dispersive X-ray spectroscopy (EDS) and electron energy loss
spectroscopy (EELS) for elemental analysis. Electron diffraction patterns can be also analyzed to determine the crystallographic phases similar to measurements by X-ray diffraction
1

The maximum resolution of modern optical microscopes is limited by the diffraction and given by the

wavelength of light: >250 nm using extreme UV light [28].

5

200 nm

Figure 1.2: AFM image of ∼230 nm (height) SiO2 powder impregnated on a planar
SiO2 /Si(100) substrate using acetone as solvent.

(XRD), but on a much more local scale, as for example, on individual NPs.
In the field of heterogeneous catalysis, triggered by the recent philosophy that the structural properties of catalytic surfaces and the size and shape of NPs may change in the course
of a chemical reaction, several efforts have been made to measure in-situ structural changes
by differentially pumped high resolution TEM (environmental TEMs) during exposure to
reactive gases and at elevated pressures and temperatures [30, 31].

Scanning Tunneling Microscopy (STM).

In this dissertation, in-situ scanning tunneling microscopy (STM) and ex-situ atomic
force microscopy (AFM) have been used to study important aspects of the morphology and
structure of NP catalysts before and after a chemical reaction. Both types of microscopes
work on the principle of rastering a sharp tip over the sample surface by means of piezoelectric
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materials. The tip-surface interaction forms the image after proper data processing, and
feedback electronics maintain the probe at a constant distance from the object surface, Fig.
1.4. The different operation modes of STM and AFM are summarized in Table 1.2, and will
be described in detail in the subsequent sections.

STM: Principle of operation.

The principle of operation and other technical aspects of STM are described in detail in
Refs. [28, 29, 34, 35, 41]. Briefly, the electron tunneling effect (a purely quantum mechanical
effect) discovered by Leo Esak, Ivar Giaever and Brian Josephson is the working principle of
STM. In 1981, two IBM Zürich scientists, G. Binning and H. Röhrer, developed the STM [42],
and later on were laureated with the Nobel Prize (1986). Afterwards, Binning et al. [43, 44]
developed the AFM technique able to investigate the surfaces of insulators on an atomic
scale. The cloud of electrons (|Ψ2 |) of surface atoms in a material is not completely confined
to its constituent atoms (nucleus). Part of |Ψ2 | extends into the vacuum creating a dipole
layer. This is the definition of work function of a material. In STM, when an atomically
sharp metal tip (tungsten or Pt-Ir) is brought close (3−5 Å) to a conducting sample surface,
an overlap of the wave-functions of both materials occurs. A small difference of potential
(mV−V) applied between the tip and the sample induces a measurable tunneling current
(pA−nA)2 across a sufficiently small tunneling gap. The voltage applied between the tip
2

√
√
When tip-sample separation is greater than the de Broglie’s wavelength, λ = h/ 2meV = 1.2/ V in

nm where V is applied voltage, electrons penetrate the gap only when high-voltage is applied which leads to
the concept of field emission.
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Table 1.2: Description of the technical aspects of two microscopes of the scanning probe
microscope (SPM) family: STM and AFM. Here, the technical information on commercially
available STM and AFM was gathered from SPECS, Omicron, and VEECO manufacturers.

STM
Principles

Operation modes

AFM

Measures the tunneling current

Measures the Van der Waals force

between tip and sample

between tip and sample

1. Constant current

1. Contact mode (short-range
repulsive force)

2. Constant height

2. Non-contact mode (long-range
attractive force, vibrating probe)
3. Tapping mode (strong repulsive
force, vibrating probe)

Samples

Conductive or semiconducting

Any type (non conducting,
macromolecules, and biological
specimens)

Vertical resolution

< 0.1 Å [45, 46]

< 0.1 Å [45, 48]

Lateral resolution

< 10 Å [42]

> 20 Å [43]

Maximum scan range

6.0 µm / 6.0 µm / 1 µm [45]

6.0 µm / 6.0 µm / 1 µm [45]

(x/y/z)

1.5 µm / 1.5 µm / – [46]

125 µm / 125 µm / 5 µm [48]

step size

> 0.34 Å [47]

> 20 Å [49]

Environmental

UHV, air, high pressure

UHV, Air, liquids

requirements
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and the sample causes a misalignment between the respective Fermi levels. The polarity of
the applied voltage determines the direction of the tunneling current. For example, electrons
from occupied states of the sample will be transferred to empty states of the tip if a positive
voltage is applied to the tip and vice-versa. In the original article by Binning et al. [42], a
theoretical calculation of the tunneling current through a planar barrier of average height ψ
and width “s” is given by
JT ∝ exp(−Aψ 1/2 s), where A = [(4π/h)2m]1/2 = 1.025 Å · eV−1/2

(1.1)

with m being the free-electron mass. From this expression, a change of the tunneling barrier
width “s” by a single atomic step (2 − 5 Å) induces changes in the tunneling current of up
to three orders of magnitude.
There are two modes of operation of a STM (Table 1.2). In the constant current mode,
a feedback circuit is used to keep the tunneling current constant while scanning laterally,
and the vertical movement of the tip is recorded and converted into a topographic image. In
constant height mode, the z-position is kept constant and the tunneling current is monitored
as the tip is scanned over the surface. This mode allows fast data acquisition since there is
no feedback circuit acting, but it is only suitable for smooth and oxide free surfaces, where
no risk of crashing the tip into the sample surface is present due to the sudden presence
of a region of low conductivity. In the case of our samples containing supported NPs, the
constant current mode is the most suitable.
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Atomic Force Microscopy (AFM).

STM has one disadvantage, that the sample must be conducting or semiconducting with
a non excessively high bandgap [52, 53]. To overcome this problem, a different approach was
developed five years later by the same inventors of the STM. The AFM technique is based
on measuring attractive or repulsive forces between the tip and the sample in the nN range.
Binning et al. [43] showed that this is possible by using cantilevers with a spring constant of
the order of ∼N/m. The origin of the forces can be various: van der Waals (instant creation
of dipoles), electrostatic (if there is a differential potential between tip and sample) leading
to Electric Force Microscopy (EFM); and magnetostatic (in magnetic samples) leading to
Magnetic Force Microscope (MFM). Changes in the deflection of the probe (cantilever +
tip) with appropriate feedback signal treatment are converted to topographical images.
There are two main topographic imaging modes in AFM: contact and non-contact. In
contact mode, the probe is dragged over the surface following an x-y raster pattern with a
typical tip-sample distance of a few Å. The forces between the tip and the sample (0.1−0.5
nN [28]) deflect the cantilever (typical spring constant value of ∼10−1 N/m) and the amount
of deflection is measured by a laser beam, initially focused on the cantilever that reflects to
a segmented position sensitive photodetector. Soft samples (e.g., biological and polymeric
materials) can be damaged using this imaging mode as a result of lateral shear forces.
In order to minimize this, cantilevers with low spring constant (< 1 N/m) are normally
used, Table 1.3. The non-contact or tapping mode is based on a different concept. By
using a piezoelectric material, the probe is oscillated near its first bending mode (resonance
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frequency in the range of 150−350 kHz) and brought into intermittent contact with the
sample surface (2−30 nm [41]). The amplitude of the oscillation is in the range of 1 to 10
nm [51]. The changes in the resonance frequency and amplitude of the oscillating cantilever
due to van der Waals (and other) forces are measured by a laser beam and position sensitive
photodetector. To prevent the tip from being pulled down due to attractive forces, the spring
constant of the cantilever in non-contact mode is much higher than that used in contact mode
(>40 N/m), Table 1.3. Using this AFM measurement mode, no damage is induced to the
sample due to short time of contact between the oscillating tip and the sample. The AFM
tips are fabricated using highly-doped silicon to avoid charge buildup, or silicon nitride
(Si3 N4 ) to enhance their life-time [54]. The most common types of the cantilevers developed
and commercially available have V-shape for contact mode, and rectangular-shape for noncontact mode applications [57], Fig. 1.3. The physical properties of these cantilevers, spring
force constant and resonant frequency, can be estimated using eqs. (1.2), (1.3) and (1.4)
[58, 59]. These parameters influence the quality of the final AFM images acquired and must
be selected properly according to the sample type and desired AFM operation mode, Table
1.3. In our studies, all AFM images were acquired in tapping mode, using rectangular type
cantilevers, and with Si3 N4 pyramidal shaped tips. In the subsequent paragraphs, emphasis
will be given to the working principle of AFM in tapping mode.
The spring constants for V-shape and rectangular cantilever can be obtained from:
kV

= ET 3 W/4L3 for V-shaped cantilevers

kR = ET W/L for rectangular cantilevers

(1.2)
(1.3)

where E is the elasticity modulus, T is the thickness, L is the length, and W is the width
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Table 1.3: Physical properties of a cantilever for different AFM operating modes [56, 57].
Dimensions (L×W×T µm3 )

Mode

Force constant

Resonant frequency

(N/m)

(kHz)

Contact mode

(225−450)×(28−40)×(1−2)

0.2−1.6

12−28

Non-contact

(125−225)×40×(4−8)

40−48

190−350

Soft tapping

150×27×2.8

7.4

150

Force Modulation

225×45×2.5

2.8

75

Lateral Force (Torsion)

225×48×1

0.2
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Electric or Magnetic

(125−450)×(28−40)×(1−8)

0.2−48

12−350

forces

(a)

(b)
W

W

T

T

L

L

Figure 1.3: Schematic of two types of cantilevers commercially available: (a) V-shape cantilever for static (or contact) mode and (b) rectangular cantilever for dynamic (or noncontact) mode.

of the cantilever. The parameters T , W and L are illustrated in Fig. 1.3. The resonance
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frequency of a cantilever is given by
f0 =



1
2π



p
k/m

(1.4)

Sophisticated AFM probes are commercially available, as for example carbon nanotubes
attached to the end of a conventional cantilever/tip assembly for probing morphological features with high-aspect ratios [55–57]. Diamond coated tips are another example for nanoindentation applications, where a robust probe is needed. In the latter application, a spring
constant of up to 130 N/m is normally used [56], allowing the penetration of the tip into
hard materials such as SiO2 .

Tapping mode AFM.

The driving mechanism of the cantilever in tapping mode AFM is based on the use of a
vibrating piezo-electro transducer as shown in Fig. 1.4. A detailed theoretical description is
given in Refs. [52–54, 60]. Briefly, the vibrating cantilever is treated as a harmonic oscillator
with effective mass m∗ and spring constant k. The surrounding fluid medium (usually air)
drives a resistive force proportional to b (damping coefficient). The equation of movement
of the cantilever in the absence of surface forces is written as
2
∗ d z(t)
m
dt2

+b

dz(t)
+ kz(t) = F0 eiωt
dt

(1.5)

where z(t) is the deflection from the equilibrium point and F0 eiωt is the force exerted by the
piezo-electric transducer. In the steady state,
z(t) = A(ω)ei(ωt−ϕ)

(1.6)
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Figure 1.4: Schematic of the non-contact mode AFM. The vibration of a piezo-electric
transducer is used as driving mechanism to induce the oscillation to the cantilever. A
laser beam is pointed onto the cantilever and its deflection is measured by a segmented
photodetector.

The amplitude of vibration, A(ω), is characterized by a Lorentzian-shaped resonance
curve expressed by eq. (1.7). A typical spectrum of the amplitude and phase is illustrated
in Fig. 1.5.
F0
ω0 /ω
·
(1.7)
1/2
bω0
1 + Q20 · [(ω/ω0) − (ω0 /ω)]2
p
where f0 = ω0 /2π = 1/(2π) k/m∗ is approximately the resonance frequency and Q0 =
A(ω) =

(m∗ ω0 )/b is the quality factor.

When the tip approaches the surface, the local forces modify the vibration characteristics.
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The new equation becomes,
2
∗ d z(t)
m
dt2

+b

dz(t)
+ kz(t) = F0 eiωt + F [Z + z(t)]
dt

(1.8)

where F [Z +z(t)] represents the surface forces, Z is the distance between surface and average
position of the oscillating tip, and z(t) is the amplitude of vibration around the central
position. A general solution cannot be obtained analytically and a convenient approximation
is used considering small amplitudes. The resulting expressions from (1.8) are
A(ω, Z) =

ω0′ (z)/ω
F0
·
bω0
1 + Q(Z)2 · [(ω/ω0′ (Z)) − (ω0′ (Z)/ω)]2

ω0′ (Z) = ω0

r

1−

1 dF
(Z)
k dZ

1/2

(1.9)

(1.10)

From eqs. (1.9) and (1.10) it can be inferred that the resonance frequency decreases as
the oscillating probe approaches the surface. The shift in the resonance frequency is directly
related to the attractive or repulsive force gradient dF/dz. Furthermore, any deviation from
the resonance frequency always results in the decrease of the amplitude of vibration, Fig.
1.5.
As illustrated in eq. (1.6) the phase shift ϕ of an oscillating cantilever is also a function
of ω. Therefore, changes in the resonance frequency have also associated changes in ϕ when
the cantilever detects forces at surfaces. Figure 1.5 shows typical traces of the amplitude [eq.
(1.9)] and phase ϕ as a function of the driving frequency applied (ω) when the oscillating
cantilever is far [Fig. 1.5(a)] and close [Fig. 1.5(b)] from a surface. The phase change is very
sensitive to variations in material properties such as composition, friction, and viscoelasticity.
This feature is used for Phase Imaging AFM.
15

(a)

(b)
Phase shift

Phase shift

Amplitude

ωR

Amplitude

ω

ωR

ω

Figure 1.5: Illustration of typical amplitude and phase shift AFM traces as a function of the
driving oscillating frequency: (a) resonance frequency of a free cantilever oscillating far away
from the surface; (b) changes in the oscillating vibrational characteristics of a cantilever near
the surface due to tip-sample interactions.

Height measurements carried out by AFM are expected to be precise once the correct
calibration factor of the vertical piezo movement (V/nm) has been obtained. Such determination is normally made by measuring a sample of known features, as for example, an
anisotropic pattern created by electron beam lithography. However, the lateral resolution
of AFM is known to be much less reliable due to strong tip related artifacts, i.e., geometric
convolution between tip-apex and sample morphology [28, 54].

STS: Principle of operation.

Scanning tunneling spectroscopy (STS) is a variant of STM in which the local density of
electronic states (LDOS) can be measured in a specific region of the sample. Subsequently
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XPS

UPS

hν = 1486.6 eV hν = 21.22 eV
(Al-Kα)
(He-Iα)
10 A

20 A

hν

AES
Ee = 2.5 keV

10 A

1000 A

Figure 1.6: Schematic of the mapping depth profile of different photoelectron spectroscopy
techniques.

described electron spectroscopies (e.g., XPS) measure average electronic signatures over large
sample areas. STS is unique in the sense that it provides local information (∼Å) on the
electronic structure of conducting or semiconducting materials. The tip is positioned at a
certain sample location at a given distance from the sample and a voltage normally −2 < V <
+3 V is applied to the sample, and the tunneling current is measured. These measurements
provide current-voltage (I − V ) curves. The normalized dI/dV curves, (dI/dV )/(I/V ), are
proportional to the electronic density of states [28, 34, 35, 41]. It should be emphasized
that, STM images are a convolution of electronic features (LDOS) and physical corrugations
(morphology) of the surface [69, 70, 72, 73].

1.1.3

Electronic and chemical properties (XPS)

XPS, Ultraviolet photoelectron spectroscopy (UPS), and Auger electron spectroscopy
(AES) are techniques available in the UHV system used for this dissertation, Fig. 1.1 and
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Table 1.1, that have shown to be suitable for measuring electronic and chemical properties
of supported NPs not only on planar substrates, as described in subsequent chapters of
this dissertation, but also on nanosized powders [254, 255, 259, 263, 264]. One of the main
distinctions between these electron spectroscopy tools lies on the energy of the excitation
source employed: X-rays of 1−3 keV for XPS, electrons of 1−5 keV used for AES, and UV
light of 10−50 eV for UPS. In order to select one of the above techniques for a particular
application, the parameter to consider is the mapping depth (where the excited electrons
are coming from). Fig. 1.6 shows the comparison on this mapping depth for the different
techniques. Although the common X-rays used in XPS have a penetration depth of more
than 1000 Å and electrons can be excited in deep parts of a material, due to electronic and
nuclear scattering, the generated photoelectrons lose kinetic energy when traveling inside
the solid towards the surface. The inelastic mean free path (IMFP) of electrons is defined
when 1/e of the initial generated electrons loose their kinetic energy after they travel the
IMFP length. This parameter is used for the determination of the surface sensitivity of the
techniques. The IMFP depends on the material type (energy loss due to plasmon, phonon,
or electronic excitation) and typicallly ranges from 5−100 Å in XPS for electrons with KE of
50−1500 eV [61, 408]. The high X-ray excitation energy used (1−3 keV) results in electrons
being excited from core levels in a solid. On the other hand, when a low excitation energy
source such as UV light (∼ 10 − 20 eV) is used, mainly valence band electrons are excited.
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XPS: Principle of operation.

In this dissertation, XPS is used for electronic and chemical sample characterization,
including the oxidation state of nanomaterials. This section describes some experimental aspects and concepts relevant for the understanding of the XPS spectra included in this dissertation. A number of references describing XPS are available in the literature [23, 41, 63, 64].
XPS was developed by Kai M. Siegbahn who was laureated with the Nobel Prize in 1981.
XPS is based on the photoelectric effect. Figure 1.7 shows the experimental XPS setup available in Dr. Roldán’s laboratory. This system is composed of a dual anode (Al-Kα = 1486.6
eV and Ag-Lα = 2984.2 eV) X-ray source [65], a monochromator [quartz (101̄0) crystal],
and an hemispherical electron analyzer. The principle of operation of the monochromator is
based on the Bragg’s law for X-ray diffraction. Using the so-called Rowland circle geometry3 ,
a resolution better than 0.1 eV can be achieved. The emitted electrons from X-ray ionization
are collected by a set of lenses designed to focus at an entrance point of the electron energy
analyzer [66, 67]. The electrostatic electron analyzer (hemispherical analyzer) is composed
by two plates in a hemisphere geometry. Negative voltages are applied to the inner (R1 ) and
outer (R2 ) plates of the analyzer with |V2 | > |V1 |. The potential at the average path (R0 ) is
given by
V0 =
3

V1 R1 + V2 R2
2R0

(1.11)

H.A. Rowland (1848-1901) designed an instrument, spherical grating, that allows the use of a single

optical element that combines diffraction and focusing, Rowland circle. The X-ray striking the crystal will
be specularly reflected (perfect reflection) and all diffraction orders will focus at a certain point on the same
circle.
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i.e., electrons with kinetic energy V0 will travel in hemispherical circular orbits of radius R0 ,
as illustrated in Fig. 1.7.
The total energy resolution in XPS is a convolution of the X-ray source width, natural
linewidth of the particular peak, and analyzer resolution [67]:
FWHMtotal =

q

(FWHMX−ray )2 + (FWHMlinewidth )2 + (FWHManalyzer )2

(1.12)

Typically, FWHMX−ray ranging from 0.7−1.0 eV [65] and FWHMlinewidth < 1 eV4 (Table
1.4) are observed. The resolution (R) of the analyzer is defined as R = ∆E/E, where
∆E corresponds to FWHM and E is the kinetic energy of the electrons. The equation
above shows that R varies with E when analyzing the entire XPS spectrum. For solving this
problem, the concept of pass energy was introduced: the kinetic energy (KE) of the electrons
is retarded to a fixed value (or pass energy) before entering the electron analyzer. In this
way, a fixed resolution can be applied to the entire XPS spectrum. A typical resolution of
0.1−1.0 eV is reported for PHOIBOS 100 (R0 = 100 mm) analyzer [67]. Typical electron
pass energies of 50 and 18 eV were used in this dissertation for survey and high-resolution
measurements, respectively.
The KE of ejected photoelectrons is obtained from KE = hν − BE − Φ, where Φ is the
work function of the detector, BE is the binding energy of the electron to the nucleus, and hν
is the energy of the incident photon. Typical photoelectron peak signatures from Au(111)
are shown in Fig. 1.8. The binding energies of electrons measured via XPS can be used
as fingerprints for determining the chemical composition and oxidation state of a material
[280].
4

The natural width is determined by Heisenberg’s uncertainty relation, ∆Enatural · ∆t ≈ h/2π.
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Table 1.4: Common anode material used for X-ray generation [68].
Anode

Energy (eV)

Natural width
(eV)

Na-Kα1

1041.0

0.7

Mg-Kα1

1253.6

0.8

Al-Kα1

1486.6

0.9

Ag-Lα1

2984.2

2.6

Ti-Kα1

4510.9

1.4

Cu-Kα1

8047.8

2.5

The photoemission process is also followed by Auger electron emission. As shown in Fig.
1.9 for ZnO, the Auger process occurs during the relaxation of the atom, when a core level
electron (e.g., 2p1/2 or L2 ) is knocked out and the left-over hole is filled by an electron from
an outer shell (e.g., 3d3/2 or M4 ). During this process, the excess energy is transferred to
a third electron (3d5/2 or M5 ) that is released to the vacuum level. The released electrons
(Zn-L2 M45 M45 ) will have KE = (EL2 − EM4 ) − EM5 . Because Auger lines have KEs which
are independent of ionization radiation, they appear on a BE plot in different positions when
different X-ray sources are used (BE = hν − KE). Thus, the dual anode source available
in most commercial XPS systems allows the distinction between Auger and photoelectron
peaks.
Koopman’s theorem (or frozen-orbital approximation) states that the BE is simply the
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(XPS Spectrum)

X-ray
Sample
Rowland
circle

Filament
Al
Ag
Dual anode
X-ray source

Figure 1.7: Schematic representation of the XPS setup and related instrumentation. The Xray source is composed by a dual anode (Ag and Al) and a high differential potential voltage
(14 kV) between the anode and filament generates X-rays of a broad range of energies. A
quartz (101̄0) crystal is used to monochromatize the produced X-rays (Bragg’s reflection
principle). The ejected electrons are focused by a set of electrostatic lenses into the analyzer
entrance. Subsequently, a hemispherical capacitor filters the electrons energies (retardation),
allowing only the entrance of electrons within a certain kinetic energy range. Finally, the
electrons are detected by a multichannel detector (a series of channeltrons) and the electron
count rates after electron multiplication in the detector are processed in a computer.
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Figure 1.8: Illustration of a typical XPS spectrum acquired on Au(111).

difference between initial state (atom with n electrons) and final state (atom with n − 1
electrons): BE = Ef inal (n − 1) − Einitial (n). If no relaxation process were to occur, the BE
would represent the orbital energy of the electrons, what is comparable to the theoretical
Hartree-Fock (HF) model for a many body system. However, the measured BEs do not
correspond exactly to the orbital energies of electrons in atoms, and differences of 10−30
eV are observed compared to theoretically calculated orbital energies. These differences are
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Figure 1.9: Illustration of a typical XPS spectrum acquired on a ZnO film showing the
appearance of Auger peaks in addition to photoemission features. Work conducted in collaboration with Prof. Dr. Oleg Lupan (Technical University of Moldova) and Prof. Dr. Lee
Chow (UCF)

attributed to the so-called relaxation energies (initial and final state effects) in which the
photoemission process by X-rays does not simply eject electrons, but also induces disturbances to the atoms. The following expression gives a more precise correlation between the
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BEs measured by XPS and HF calculations:
BE = −εatom
HF + Evalence − Eintra-atomic + EMadelung − Eextra-atomic − Φ

(1.13)

where εatom
is the HF orbital energy for the free atom, Evalence is correction factor due to
HF
valence charge, Eintra-atomic is the relaxation energy, EMadelung is the Madelung potential correcting the HF orbital energy when comparing the free-atom to the bulk material, Eextra-atomic
is the extra-atomic relaxation term relating the changes of the electron density surrounded
by an ionized atom during photoemission, and Φ is the materials work function. Before the
X-rays impinge on a surface, several extra factors (initial state effects) can also influence
the charge state of an atom such as hybridization (H2 C=CH2 vs H3 CCH3 ), oxidation state
(Au0 vs Au3+ in Au2 O3 ), degree of polar covalent or ionic bonding, as well as size effects.
The photoemission process by X-rays causes disturbances to the atoms (final state effects)
and results in shake-up peaks, as observed in the iron oxide NPs described in Chapter 7.
Shake-up lines are features resulting from the electronic excitation due to the fact that the
atom does not have enough time to fully relax to its ground state ionic configuration. Thus,
the subsequent photoelectron is generated while the ion is in an excited state.
The cross section for photoelectron emission (σP ) is calculated based on Fermi’s Golden
Rule:
σP = (7.45A2 /~ω) × (EB /~ω)5/2

(1.14)

where A is atomic mass [23]. This expression explains why hydrogen and helium are not
effectively detected by XPS. Since hydrogen has one electron at an energy level (1s) of
−13.6 eV, the factor (EB /~ω)5/2 becomes very small using a typical excitation source of
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Table 1.5: Spin-Orbit coupling representation in three different notations.
Quantum numbers

Atomic notation

X-ray notation

n

l

s

j

nlj

1

0

±1/2

1/2

1s

K1

2

0

±1/2

1/2

2s

L1

2

1

−1/2

1/2

2p1/2

L2

2

1

+1/2

3/2

2p3/2

L3

3

0

±1/2

1/2

3s

M1

3

1

−1/2

1/2

3p1/2

M2

3

1

+1/2

3/2

3p3/2

M3

3

2

−1/2

3/2

3d3/2

M4

3

2

+1/2

5/2

3d5/2

M5

~ω = 1486.6 eV (Al-Kα).
A typical “stepped” background is observed in XPS spectra, with the background intensity being higher for higher BEs. This is due to the detection of inelastically scattered
electrons originating from deeper regions within the material. Photoelectrons ejected far
away from the surface loose energy on their way to the surface and are finally detected with
reduced KEs, giving rise to the inelastic XPS background.
Three different nomenclatures are used to label XPS peaks, as shown in Table 1.5: (1)
quantum notation with principal quantum numbers (n = 1, 2, 3, 4, ...), orbital quantum num-
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Table 1.6: Degeneracy values for each subshell (orbital) are shown. This value also represents
the relative intensity between two XPS peaks (doublet) due to spin-orbit coupling. Orbital
s is a singlet.
Orbital

j

Degeneracy

Relative
intensities

s

1/2

–

–

p

1/2 , 3/2

1,2

p1/2 /p3/2 = 0.50

d

3/2 , 5/2

2,3

d3/2 /d5/2 = 0.67

f

5/2 , 7/2

3,4

f5/2 /f7/2 = 0.75

bers (l = 0, 1, 2, ..., n − 1), and spin quantum numbers; (2) spectroscopic notation with “s”
(“sharp”), “p” (“principal”), “d” (“diffuse”), “f” (“fundamental”), ... labels are used to
represent l = 0, 1, 2, 3, ..., respectively; and (3) the X-ray notation (K, L, M, N, ...).
The spin-orbit splitting (or Russell-Saunders coupling) effect (a purely initial state effect)
is observed in the XPS spectrum of gold, for example, with 4f doublet peaks (4f7/2 and 4f5/2 ),
Fig. 1.8. The total angular momentum j = |l ± s| describes this effect. The alignment of
the electron spin anti-parallel to the orbital angular momentum (j = l − s) is energetically
favorable compared to the alignment of the electron spin parallel to the orbital angular
momentum (j = l + s). In the BE spectrum, the electron with total angular momentum of
j = l + s (Au-4f7/2 ) shows lower BE compared to the electron with j = l − s (Au-4f5/2 ). The
degeneracy expression 2j + 1 is used to calculate the relative intensities between two XPS
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(90 – 1330 K)

Figure 1.10: Image of our surface analysis UHV chamber showing the quadrupole mass
spectrometer used for TPD studies. The QMS is located in front of the manipulator that
carries the sample. Cooling and heating capabilities are available on the manipulator (90 K
to 1330 K) for TPD experiments.

peaks originating from spin-orbit coupling effects, Table 1.6.

1.1.4

Chemical reactivity (TPD)

Temperature programmed desorption (TPD), Fig. 1.10 is a technique used for probing
not only adsorption of atoms and molecules on a surface, but also to get microscopic insight
into dissociation/decomposition mechanisms and chemical reactions on surfaces. In addition, quantitative analysis of TPD spectra can provide activation energies for desorption,
sticking probabilities, and reaction rates. The TPD experimental procedure is straightfor28

ward. Reactant species (CO + O2 , or C3 H6 + H2 + O2 , e.g.) are adsorbed on the surface
of a catalyst at low temperature (∼100 K). The sample temperature is increased linearly
[β(T ) = dT /dt] and atomic or molecular species are desorbed. A quadrupole mass spectrometer (QMS) is used to monitor the rate of desorption. The experimental data show
variations in the intensity of each recorded mass/charge (m/Z) ratio as a function of the
temperature. Coverage-dependent desorption features provide information on the desorption
kinetics (desorption order). The peak position (T of maximum desorption rate) is related to
the enthalpy of adsorption (strength of binding of the adsorbates to the surface).
Figure 1.11 shows the TPD setup available in Dr. Roldan’s laboratory. The setup is
composed of a gas dosing manifold, a differentially pumped UHV mass spectromenter, and
a manipulator with sample cooling/heating capabilities. The cooling system, Fig. 1.11(a),
consists of a copper condensing coil immersed in LN2 which liquefies the pressure-regulated
N2 gas. The gas dosing system consists of a gas manifold where five different gases (or
liquids) can be attached at the same time, Fig. 1.11(b). Sample heating proceeds via electron
bombardment. The sample temperature, measured by a K-type thermocouple spot-welded
on the sample holder, is controlled by a Proportional-Integral-Differential (PID) temperature
controller (Eurotherm 2048). Precise and reproducible linear ramps can be obtained after
optimizing the PID parameters gives, Fig. 1.11(c,d). The QMS is used to filter and detect
different gas species, Fig. 1.11(e). Figure 1.12 shows the good linearity of the heating ramps
(β) obtained from 1 to 9 K/s, and Fig. 1.13 representative TPD data. The desorption of
C3 H6 from partially oxidized and reduced Au NPs is shown in Fig. 1.13(a). Here, the first
desorption feature (σ) 138−146 K correspond to C3 H6 adsorbed on the SiO2 substrate. The
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Figure 1.11: Schematic representation of a TPD setup showing the gas dosing system, differentially pumped UHV mass spectrometer, and the sample cooling/heating system.

higher T peak (γ ∼ 219 K) is associated to C3 H6 desorption from Au NPs. Interestingly,
suppression of propene adsorption is observed when these Au NPs are oxidized (Au2 O3 ). The
second example, Fig. 1.13(b), displays the decomposition of methanol (CH3 OH→H2 +CO)
over Pt NPs (∼1.6 nm in height) supported on SiO2 . Here the H2 signal was monitored.
Historically, TPD was introduced by Langmuir in 1916 [74]. However, the actual TPD
was conceived and realized in 1963 by two researchers at Canada’s National Research Council,
Dr. Yoshimitsu Amenomiya and Dr. Ratimer J. Cvetanović [75, 76].
Adsorption phenomena take place when the attractive interaction between a molecule
and a surface overcomes the disordering effect of thermal motion. Following Somorjai’s
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Figure 1.12: Linear heating ramps (β = 1, 3, 5, 7, and 9 K/s) optimized by changing the
PID parameters in a Eurotherm 2048 temperature controller.

[77] definition, physisorption occurs when the attractive interaction is the result of weak
Van-der-Waals forces. Physisorptive bonds are characterized by energies below ∼50 kJ/mol
(∼0.5 eV). Chemisorption takes place when there is an overlap between molecular orbitals of
the adsorbed molecule and the surface atoms resulting in the formation of chemical bonds.
Chemisorptive bonds are characterized by energies higher than 50 kJ/mol.
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Figure 1.13: (a) TPD plots from C3 H6 adsorption on oxidized (solid lines) and metallic
(dashed lines) Au NPs supported on SiO2 . Lower C3 H6 desorption intensity was obtained
for Au3+ as compared to Au0 (γ state). The inset in (a) shows propene adsorption on the
gold-free SiO2 substrate (σ state). (b) H2 TPD spectra from methanol decomposition over
Pt NPs deposited on SiO2 .
Analysis Methods.

Significant efforts have been dedicated in the past to the development of procedures to
extract kinetic parameters from TPD spectra [434–438]. The starting point of all treatments
is the desorption rate equation proposed by Wigner and Polanyi [439, 440]:
R=−

dθ
dθ
= − β = νn θn exp(−Ed /kT )
dt
dT

(1.15)

where θ is the adsorbate coverage [in monolayer (ML) units], β is the heating rate, n is the
desorption order, νn is the pre-exponential factor, Ed is the desorption energy, and k is the
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Boltzmann constant.
The TPD analysis methods have been divided in two categories [441]: (i) integral methods
including the Redhead [436] and Chan-Aris-Weinberg (CAW) [434] analysis, and (ii) differential methods [441] such as the leading edge analysis [442] and complete analysis [437, 443].
The integral methods are based on the temperature at the desorption rate maximum (Tmax ),
and/or peak half-widths, and assume coverage-independent values for n, Ed , and νn . As an
example, the following expressions have been proposed by Redhead [436] to analyze first [eq.
(1.16)] and second order [eq. (1.17)] desorption processes:
Ed
= ln
kTmax



ν1 Tmax
β



− 3.64 for n = 1

(1.16)



Ed
2θmax ν2
Ed
=
exp −
for n = 2
2
kTmax
β
kTmax

(1.17)

where θmax is the adsorbate coverage at T = Tmax , and θmax ≈ θ0 /2, with θ0 being the initial
adsorbate surface coverage.
The heating rate variation method (HRV) by Falconer and Madix [438] is considered
suitable for determining the desorption energy without making any assumptions concerning
the pre-exponential factor or specific reaction mechanisms. Following this method, eq. (1.15)
is differentiated with respect to temperature, and the second derivative is set equal to zero
for the temperature of the maximum desorption rate:
ln

2
T̃max
β̃

!

1
Ed
=
·
+ ln
k Tmax

Ẽd
n−1
k̃ ν˜n nθ̃max

!

(1.18)

In eq. (1.18), the tildes indicate normalization by the quantity’s own units. This method is
used to analyze a set of TPD spectra measured with different heating ramps for a constant
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2
initial coverage. Graphs of ln(T̃max
/β̃) versus 1/Tmax are constructed, and the desorption

energy extracted from the slope of the linear fit. No assumption of the desorption order n
needs to be made in order to obtain Ed . The pre-exponential factor can be extracted from
the intercept of the y-axis in eq. (1.18). For first-order desorption processes, ν1 does not
depend on the coverage, while for n = 2 the coverage at the desorption maximum, θmax , is
used to determine ν2 from eq. (1.18).
In the differential TPD analysis methods, (−dθ/dt, T ) pairs are used to generate Arrhenius plots [ln(−dθ/dt) − n ln θ versus 1/T ] from which Ed and νn can be obtained from the
slope and y-axis intercept of a single TPD spectrum, respectively, in cases where Ed and νn
are coverage independent, eq. (1.19). This method should only be used to analyze systems
with little adsorbate-adsorbate interactions and in general, when low adsorbate coverages
are considered. Under these assumptions, the following equation applies:


dθ
Ed
ln −
− n ln θ = ln νn −
dt
kT

(1.19)

However, if the kinetic parameters depend on θ, the slope of the Arrhenius plot becomes
more complicated. Terms including derivatives of Ed (θ) and νn (θ) with respect to θ appear,
and eq. (1.19) can only be used under certain circumstances [441]: (i) dθ/d(1/T ) is small,
and (ii) the sum of the additional derivative terms is zero, 1/kT [∂Ed (θ)/∂θ] = [∂lnνn (θ)/∂θ].
The second possibility is commonly known as “compensation effect” [441, 444–448], in which
Ed (θ) and νn (θ) may vary with θ, but the product νn (θ) · exp[−Ed (θ)/kT ] is nearly constant.
It is not possible to know if such compensation effects will be present on a particular system
a priori, and applying eq. (1.19) to a single-TPD dataset where this is not the case will
result in erroneous Ed and νn values.
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A series of Arrhenius plots corresponding to different instantaneous adsorbate coverages
can be used to extract more reliable information on the possible dependency of the kinetic
parameters [Ed (θ′ ) and νn (θ′ )] on the adsorbate coverage. This method was proposed by
King et al. [443] and is known as the complete analysis. A similar differential method was
developed by Taylor and Weinberg [435], where Arrhenius plots from several TPD spectra
are drawn as a function of the heating rate and coverage.
To extract the desorption order n from TPD measurements, desorption isotherms [286,
449] are commonly used. For this analysis, a plot of ln(−dθ/dt) versus ln θ at a constant
temperature is constructed. Based on eq. (1.15), such a plot should yield a straight line
with slope n, if Ed and νn are coverage independent. In cases where Ed and νn depend on
θ, a logarithmic differentiation of eq. 1.15 with respect to the coverage at constant T , eq.
(1.20), reveals that the slope of the ln(−dθ/dt) versus ln θ plot will not provide the correct
desorption order. Again, only when compensation effects [441, 444–448] are present, the last
two terms in eq. (1.20) can be neglected:
slope =

∂ ln(−dθ/dt)
∂ ln θ

=n+
T

∂ ln νn (θ)
∂ ln θ

T

−

1 ∂Ed (θ)
kT ∂ ln θ

(1.20)
T

Investigations by Ibbotson et al. [445] and Wittrig et al. [446] on the desorption order of
H2 on Ir(110) based on the slopes of ln(−dθ/dt) plots at constant temperatures revealed a
desorption order equal to 2 for high desorption temperatures (i.e., low coverage) and much
greater than 2 for high coverages, where stronger adsorbate interactions are expected. Since
the dissociative adsorption of H2 is expected on this system, the authors concluded that
compensation effects may be responsible for the anomalous desorption order obtained when
high adsorbate coverages were considered.
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The ability of common TPD analysis methods (Redhead, CAW, HRV and complete
analysis) to provide accurate desorption energies and pre-exponential factors for a range of
initial adsorbate coverages was tested by de Jong et al. [449] using a set of simulated TPD
curves with known Ed (θ) and νn (θ) values. The results of this test revealed the limitations
of the integral methods. As an example, the CAW method only predicted the correct Ed
at the zero-coverage limit. The HRV method by Falconer and Madix [438] was also found
to fail when high coverages were considered. Reliable information over the entire coverage
range was only obtained with the leading edge and complete analysis methods. However,
one should keep in mind that the leading-edge and complete analysis methods require very
good quality TPD data and the presence of non-overlapping desorption sites, what is rarely
the case for complex systems such as supported clusters. Experimental factors such as the
presence of excessive noise in the low-temperature region (leading-edge), residual intensity
in the high-temperature tail of the TPD spectra (due for example to limited pumping speed
or re-desorption from elements within the UHV system other than the sample), as well as
possible uncertainties in the background subtraction will lead to incorrect estimations of the
desorption parameters of real TPD datasets using these methods.
A second type of compensation effect was described by Nieskens et al. [448] and it is
related to the collection of discrete data points in TPD measurements. A set of TPD spectra
were simulated using dynamic Monte Carlo (DMC) calculations with an a priori known
expression for the activation energy (Ed = 1 − 0.2θ eV), considering coverage-dependent
lateral adsorbate interactions, and assuming a fixed pre-exponential factor (1014 s−1 ). Results
from the complete analysis on these data showed a large scattering on the activation energies
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(∼ 0.7 to 1.1 eV) and pre-exponential factors (∼ 5 × 1012 to 1 × 1017 s−1 ) as well as a strong
compensation effects as a function of the coverage. The authors concluded that even though
the complete analysis was found to provide reliable kinetic parameters [449, 450] based on
continuous TPD curves calculated from the analytical expression in eq. (1.15), its application
to the analysis of real TPD data (discrete set of data points) might lead to a large scattering
in the values of the kinetic parameter as a function of the coverage, θ.

1.1.5

Vibrational properties (NRIXS)

The knowledge of the dynamics of the atomic motion in solids is important for the understanding of thermodynamic (specific heat capacity, thermal conductivity, Debye-temperature,
etc.) and thermoelectric properties of materials [79, 80].
Nuclear resonant inelastic X-ray scattering (NRIXS) is a synchrotron technique which
provides direct access to the lattice (phonon) vibrational density of states (PDOS) [24, 78,
81, 90]. Usually, the scattering and absorption of X-rays by an atom are dominated by
the contribution from the electronic shells. However, if the energy of the X-rays is close
to nuclear resonance, the contribution of nuclear resonant scattering becomes appreciable
and can dominate the electronic part (large nuclear resonant cross section)5 . NRIXS is only
sensitive to the vibrations of atoms with Mössbauer nuclei (57 Fe [251, 252, 260, 265, 266],
191

Sn [245],

197

Au [82–85], etc.) imposing limitations on the number of accessible materials.

On the other hand, this technique gives a partial density of phonon states for selected atoms
5

The nucleus rises for the large cross section for photon absorption, σN = 2.56 Mb which corresponds to

450 times larger than the cross section for photoelectric absorption [87].
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in a material. Isotope selectivity has a wide range of applications for the understanding of
structural configurations in biomolecules (myoglobin) and in the general area of material
science [86].
In our work, the 57 Fe isotope with a nuclear resonance at 14.4125 keV and a very narrow
energy width of its excited state (or natural line width), Γ = 4.66 neV was used. Therefore,
a high spectral energy (synchrotron radiation) is required to enhance the probability of
excitation. The excited

57

Fe nucleus decays with its natural lifetime of τ = ~/Γ = 141 ns.

The nuclear resonance in solids provides a very accurate energy reference (∼neV) given
by the natural linewidth of the nuclear transition. Following the Einstein model of a solid,
if the energy of the incident photons (∼keV) is off resonance, the excitation of the nuclei
may occur via the creation or annihilation of phonons (∼meV), Fig. 1.14. The phonon
energy spectrum of the sample is obtained by tuning the incident photon energy relative
to the nuclear resonance and recording the yield of nuclear decay products such as delayed
fluorescence photons and conversion electrons. This yield gives a direct measurement of the
number of phonon states in the sample [78]. As described by Mössbauer, the nucleus is held
fixed in solids during absorption/emission of photons, thus, recoil energy is neglected6 . In
6

In nuclear transitions, the conservation of momentum requires the emitting (absorbing) nucleus to have

a significant recoil energy, ER . The amount of energy in the recoiling process can be found from the
conservation of momentum |P~R | = Eγ /c = | − ~~k|. Thus, ER = (~k)2 /2M where ER = 1.958 meV for the
isolated 57 Fe atom. In solids, the nuclei are bound to a lattice and do not recoil in the same way as in gases.
The lattice recoils as a whole, but this result in negligible ER , since M is large. The Mössbauer effect occurs
because there is a probability of decay without involving any phonons. The fraction of recoil-free is given by
Lamb-Mössbauer factor. In recoil-free nuclear events, the emitted and absorbed photons have the “correct”
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the Debye model, the fraction of γ-rays emitted or absorbed without recoil energy is given
by the Lamb-Mössbauer factor in the low temperature approximation:
(

"

2 #)
~2 k 2 3
2 πT
f = exp −
1+
2m 2kB θD
3 θD

(1.21)

where θD is the Debye temperature. The probability for an incident photon of exciting
the nuclear transition is described by the excitation probability density S(E) where E =
ε − E0 represents the deviation of the photon energy ε from the nuclear resonance energy
E0 . The cross section for a particular scattering channel is proportional to S(E). The value
S(E)dE gives the probability of exciting a nucleus by an incoming photon in the energy
range [E, E + dE], Fig. 1.14(b). A broadening (side bands) of S(E) is observed in a real
material due to phonon-assisted nuclear resonant absorption processes. The classification
into one-phonon, two-phonons, etc., processes is still valid. The phonon annihilation process
is always less likely than the creation of phonons with the same energy. At zero temperature
phonon annihilation is not possible, and S(E) has only one side band at positive energies.
The ratio is given by the Boltzmann factor (“detailed balance”):
S(E) = exp



E
kB T



S(−E)

(1.22)

Synchrotron radiation experiments with nuclear resonances benefit from the time-resolved
capabilities instead of the traditional energy-resolved measurements in Mössbauer spectroscopy. The time-resolved technique was pioneered by E. Gerdau and co-workers in 1980’s
exploring the original proposal by S.L. Ruby in 1974 [87]. Figure 1.15 displays schematically
the time-evolution of the scattered intensity after excitation with a synchrotron radiation
energy, and resonance occurs at E0 = 14.4125 keV in case of
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Figure 1.14: (a) Schematic representation of the nuclear energy levels of a

2E ph

57

E-E0 (meV)

Fe nuclei with

ground state |g > (I = 1/2) and excited state |e > (I = 3/2) convoluted by following the
quantized Einstein model of a solid assuming one phonon frequency Ω only, |0 >, |1 >, |2 >
, .... This results in the following energy levels: En = ~Ω(n + 1/2) and Eph = ~Ω. These
eigenstates are a good approximation of the exact eigenstates of the coupled system since
the coupling between nucleus, phonon, and X-ray photon is weak and large energy scales
are involved (neV↔keV). When X-rays of E0 = 14.4125 keV interact with

57

Fe, the nuclear

transition |g > |0 >→ |e > |0 > causes a sharp resonance in the excitation probability
S(E), Fig. 1.14(b). When the nucleus is embedded in an Einstein solid, additional peaks
appear indicating the transitions that take place via the creation or annihilation of one or
more phonons. The dotted-lines represent the one-phonon processes and dashed-lines, twophonon creation/annihilation processes. The intensity of S(E) provides information on the
number of phonon states at a given energy and their thermal occupational number.
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Figure 1.15: Time discrimination of the prompt and delayed nuclear resonant scattering
after excitation at t = 0 in NRIXS experiments.

pulse. The scattering of X-rays from electrons gives rise to a “prompt” response of less
than 1 ps, while the nuclear resonant events provide a response “delayed” in time (∼100
ns). After the excitation, the nucleus decays into the ground state either by radiative decay
(14.4125 keV) or by internal conversion (e.g., transfer of the excitation energy to the electronic K-shell). After emission of a conversion electron, the hole is filled by an outer electron,
resulting in the emission of a fluorescence photon of 6.4 keV in case of a hole in the K-shell
in Fe. In both cases, the delay of this emission is on the order of the natural lifetime of the
nuclear resonance. The time discrimination of the delayed events, related to the creation and
annihilation of phonons, from all other scattering contributions (prompt in time), is achieved
by a timing method [87]. The probability for the excitation of the nuclear resonance S(E)
is measured by tuning away the photon energy, ε, from the resonance energy (E0 ) by an
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amount ε − E0 needed for the creation or annihilation of phonons. From the normalized
S(E)7 , the partial PDOS, g(|E|), can be extracted from the one-phonon contribution S1 (E),
with S(E) = S1 (E) + S2(E) + S3 (E)+ higher orders, by a mathematical procedure described
in Refs. [78, 87]. The mathematical formalisms were implemented into two program packages available for phonon spectra evaluation: PHOENIX (PHOnon Excitation by Nuclear
Inelastic scattering of X-rays) by W. Sturhahn [88] and DOS by A.I. Chumakov [89].

Experimental setup.

Figure 1.16 shows a schematic layout of the experimental setup available at beamline
3-ID for NRIXS experiments. These NRIXS experiments require synchrotron radiation of
high brightness and high spectral density, which is feasible at third-generation synchrotron
facilities. A third generation synchrotron8 is characterized by the implementation of insertion
devices consisting of linear arrays of dipole magnets alternating in orientation known as
undulators or wigglers, Fig. 1.16. When inserted into a straight section of the storage ring,
7

Lipkin’s first moment,

R

ES(E)dE = ~2 k 2 /2M = ER , is used to determine the normalized S(E). The

first- and higher-order moments known as Lipkin’s sum rules exhibit a number of interesting properties
R

(E − ER )2 S(E)dE = 4ER T ,

R

(E − ER )3 S(E)dE = ~2 ER K/m, where T is the average kinetic energy of

the resonant nuclei and K is the mean force constant of the bound nuclei. The first-moment indicates that
the average energy transfer to the lattice per photon emission is just the recoil energy, ER , of the free atom.
These rules are of great importance for the decomposition of S(E) into multiphonon contributions.
8

Storage rings such as the Advanced Photon Source (APS) at Argonne National Laboratory, the European

Synchrotron Radiation Facility (ESRF) in Grenoble, and the Super Photon ring-8 GeV (SPring-8) in Hyougo
province, Japan.
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Figure 1.16: Schematics of the NRIXS experimental setup at the beamline 3-ID, Advanced
Photon Source of Argonne National Laboratory.

the electrons follow a sinusoidal path resulting in a well-collimated radiation beam with high
X-ray brilliance. The storage ring at the Advanced Photon Source (APS) has a circumference
of 1104 m and keeps the electrons with an energy of 7 GeV in circular orbits. Relativistic
electrons take 3.68 µs per revolution. Those electrons are not distributed randomly in the
storage ring, but injected into pre-designed rf buckets in the storage ring orbit (1296 buckets
separated by 0.85 m or 2.84 ns). The filled buckets are called bunches, and define the time
structure of the synchrotron radiation. At the APS, the time structure consists of 23 bunches
with a separation of 153 ns. The characteristics of the pulsed system are important, since
larger time separation is required to overcome the dead time of the detector (20 ns) and
also must be at least comparable with the nuclear lifetime (141 ns for

57

Fe). Most bunches

are filled with ∼ 1011 electrons corresponding to an average current of ∼4 mA (resulting in
a total current of 100 mA). Each bunch produces an X-ray pulse of 70 ps duration when
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passing through the undulator. Divergence (or angular width) of the beam is 9-15 µrad
vertical and 34-40 µrad horizontal.
The undulator creates a broad energy band of X-rays (called “white beam”) from 6 to
100 keV. The premonochromator not only filters the energy band of about 1 eV from the
white beam, but also reduces the total power from 1000 to 0.1 W. The reduction of power
is important for the next high resolution monochromator since it is sensitive to gradient
of temperatures. In the premonochromator, two diamond crystals (7×5×0.35 mm3 ) which
have excellent thermal conductivity and low X-ray absorption are mounted in non-dispersive
arrangement and operate at (111) Bragg reflections. In the experiment, the premonochromator is adjusted to transmit photons around the nuclear resonance energy (14.4125 keV) and
maximize the photon flux measured by the ionization chamber (typically 1013 photons/s·eV
at 100 meV storage ring current).
In order to conduct NRIXS experiments, it is further necessary to reduce the bandwidth (from 0 to 1 meV) to resolve vibrational states. For this purpose, the high-resolution
monochromators are used. Contrary to the premonochromator, the high-resolution monochromator requires a different set of crystals for diffraction of photons that are specific for the
energy E0 of each nuclear transition (57 Fe,

119

Sn, ...). The energy resolution function of the

monochromator is measured by the forward avalanche photodiode (APD) detector located
far away from the sample. This detector measures the coherent elastic nuclear resonant scattering and is used to subtract the elastic (zero-phonon) scattering contributions (“central
peak”) from the NRIXS spectra. The peak position gives precise indication of the energy
position of the nuclear resonance.
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After the high-resolution monochromator the beam passes through a second ionization
chamber that monitors the photon flux before it hits the sample. The scattered radiation
is detected by two APD detectors9 . The detectors monitor elastic-inelastic and coherentincoherent nuclear scattering processes. The inelastic scattering process is characterized by a
difference in the energy of the initial and the final photon states, i.e., an energy transfer to the
scatterer takes place. The terminology of coherent and incoherent scattering categorizes the
behavior of a collection of atoms upon scattering. In coherent scattering processes, the core
states (nucleus and inner electron shell states) of all atoms remain unchanged. The change of
a single atom’s state leads to incoherent scattering. The inelastic scattering process leads the
emitted photon to acquire a certain phase shift, and is no longer temporally coherent with
the incident photon (NRIXS originates from the incoherent processes). Also the NRIXS
process is spatially incoherent, since the phase shift is random for various nuclei. The
intensity of incoherent nuclear scattering processes (both elastic and inelastic) is monitored
by the APD NRIXS detector that is located very close to the sample, Fig. 1.16. Here, the
6.4 keV fluorescent X-rays of the Fe are measured that are emitted after nuclear resonant
absorption followed by conversion electron emission. The APD Forward detector measures
the coherent elastic nuclear resonant scattering and gives the resolution function (typically
Gaussian function) of the instrumentation.
The 141 ns lifetime of the 14.4125 keV nuclear excited state in

57

Fe causes the nuclear

resonant photons to be “delayed” relative to the scattered nonresonant or “prompt” photons.
9

APD detectors are known to have high time resolution. The typical time resolution of a detector using

a 10×10 mm2 -area silicon (p-n junction) is ∼1 ns.
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Timing-filtering electronics is used to separate the nuclear resonant “delayed” photons from
the nonresonant “prompt” photons [87].
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CHAPTER TWO: SYNTHESIS OF SIZE- AND
SHAPE-SELECTED NANOSTRUCTURES

In chapter 1.1, a description of state-of-art surface science tools for probing the electronic
and chemical properties of surfaces was given. However, these tools also require well defined
sample morphologies so that systematic studies and a precise interpretation of the phenomena
observed can be attained.
Investigating size-dependent properties of NPs represents an experimental challenge, since
most of the conventional surface science techniques report physical or chemical information
(i.e. XPS, UPS and TPD) averaged over an ensemble of NPs. The broadening of the size
distribution of an ensemble of NPs can cause strong, inhomogeneous broadening effects in
the experimental measurements, concealing the true properties of individual clusters. A
clear demonstration of the importance of narrow particle size distributions in catalysis is
given by Haruta’s work on the selectivity of the partial oxidation of C3 H6 over Au/TiO2
[311, 366]. They observed that Au NPs between 2 and 5 nm primarily produce propylene
oxide, however, those below 2 nm form propane, whereas CO2 is obtained when larger gold
NPs are employed (>5 nm). To overcome the above problem, our group has also developed an
experimental approach that combines ex-situ chemical synthesis of size- and shape-selected
NPs and in-situ ligand nanoscopic removal and characterization. Our group is currently
using the self-assembly of diblock-copolymer micelles [246, 247] and nanosphere lithography
(NSL) [92–95] methods to synthesize narrowly distributed nanocatalysts with spherical and
triangular nanoprism shapes, respectively.
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Figure 2.1: Sketch of the NP synthesis known as inverse micelle technique. The micelles are
formed when the PS(x)-b-P2VP(y) diblock copolymer units are dissolved in toluene (nonpolar solvent). Subsequently, a metal precursor (e.g., HAuCl4·3H2 O) is added to the solution,
and the metal ions attach to the pyridine group in the NP core.

2.1

Inverse Micelle Encapsulation: Hemispherical NPs

Block-copolymers are a class of polymers where two or more polymer chains (blocks)
are chemically bound together. Diblock-copolymers where two chains are linked by covalent
bonds are the simplest from this class of polymers. The amphiphilic polystyrene-block poly(2-vinylpyridine), denoted by PS(x)-b-P2VP(y) where x and y represents the number
of repeating units of each polymer, is an example of the diblock-copolymer that has been
intensively used in our group.
The bottom-up approach of metal-loaded micelle synthesis was pioneered by Möller’s
group and described in detail in the Refs. [97–99, 101–112]. This method is shown schematically in Figs. 2.1 and 2.2. Later on, the technique was further developed and applied
by several groups for studying the physical and chemical properties of well defined metal
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Dip-coating
speed
v (µm/s)

r = 0.1

0.3

0.5

0.7

0.9

Metal precursor loaded micelles
1 ML thickness

O2-Plasma /
Annealing

Figure 2.2: Schematic representation of the metal precursor loaded micelles transfer to a substrate by dip-coating and further treatments for polymer removal. In our studies, the organic
ligands are removed by annealing in UHV as well as O2 -plasma treatments. Subsequently,
an H2 -plasma treatment can be used to reduce the oxide NPs.

NPs [113–122]. PS(MNx )-b-P2VP(MNy ) diblock copolymers of different molecular weights
(MNx ,MNy ) were purchased from Polymer Source Inc. [96]. Typically, 0.5 wt.% (c = 5
mg/mL) [103, 246] of PS(x)-b-P2VP(y) is dissolved in a non-polar solvent (toluene) and
stirred for 2−4 hours. Due to the polar (hydrophilic P2VP) and non-polar (hydrophobic
PS) properties of diblock copolymer, as well as the non-polar solvent, a shell of PS forms
around the less soluble P2VP which minimizes energetically unfavorable interactions with
the solvent. Krishnamoorthy et al. [113] have shown that alternative solvents such as o−,
m−, and p−xylenes lead to different diblock copolymer-solvent interactions affecting ultimately the size of the micellar core-shell structure. Subsequently, a metal precursor or a
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combination (bimetallic, trimetallic systems) of different metal precursors [HAuCl4 · 3H2 O,
H2 PtCl6 ·6H2 O, H2 IrCl6 ·3H2 O, PdCl2 , NiCl2 ·6H2 O, CoCl2 ·6H2 O, CrCl3 ·6H2 O, RhCl3 ·3H2 O,
RuCl3 ·3H2 O, SnCl4 ·5H2 O, AgNO3 , FeCl3 [115], TiCl4 [116], Zn(NO3 )2 ·6H2 O [117], etc.] are
added to the polymeric solution inside a glove box under nitrogen flow (since the most commonly used metal precursor are hygroscopic). To achieve a uniform distribution of the metal
precursor throughout the micelles, magnetic stirring is used for 48-168 hours depending on
the metal precursor. Since the PS group is dissolved in the toluene solution, the difusion of
the metal precursor into the P2VP core occurs easily. The nitrogen atom of pyridine has
a valence electron pair unshared by other atoms (lone pair ). The presence of acidic metals
such as HAuCl4 and H2 PtCl6 leads to the protonation of the nitrogen (pyridinium ion) by
a surface Brönsted acid site (proton donor). The resulting pyridinium ion and AuCl−
4 , for
example, are electrostatically attracted and bound as counter-ions (both ions maintain electric neutrality). The addition of different amounts of metal precursor makes the technique
flexible for controlling the final NP size and composition (i.e., bimetallic). The usual loading
parameter calculated to control the NP size and to avoid saturation of the micellar solution
with the metal salt is r = n[metal precursor] /n[P2VP] , the molar ratio between metal salt and
P2VP units. Typical values of r = 0.05 − 0.9 have been used by our group. High ratios
(r > 0.6) ratios were observed to result in larger NPs, but less uniform distribution over the
substrate’s surface.
A one monolayer thick film of the metal loaded micelles can be transferred to a substrate
(SiO2 , TiO2 -films evaporated on SiO2 , mica, TiO2 (110), Buckypaper, ...) from solution
using dip-coating, Fig. 2.2. We normally used a fixed dip-coating speed of 10 mm/min.
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Considering equal interaction forces between each micelle (similar-sized micelles), due to
capillary forces during the lifting of the substrate, a self-assembled hexagonal arrangement
(i.e. fcc packing) of the metal precursor loaded micelles is expected on the substrate. Spatz et
al. [100] have reported that the adhesion of pyridine groups (polar) to mica (polar substrate)
is strong; meanwhile, the PS (non-polar) is weakly bond to that substrate . Furthermore,
when PS-b-P2VP block copolymers free from metal precursors, were dispersed onto this
substrate, the formation of clusters of PS was observed while P2VP blocks were found
to stretch along the substrate [100]. The dip-coating speed was observed to influence the
interparticle distance [118]. Different techniques such as spin-coating and drop-coating are
also reported to give one monolayer thick uniform surface coverages [113, 114]. Subsequently,
the dip-coated substrate is subjected to a polymer removal treatment: annealing in vacuum
or under reactive gas (for example, O2 ) or exposure to O2 -plasma and/or H2 -plasma. The
annealing in O2 [263] and O2 -Plasma treatments were observed to be the most efficient
treatments for polymer removal treatments. However, oxides are formed on the NPs. Further
treatment with H2 -plasma was observed to effectively reduce oxide NPs such as Fe2 O3 .
Examples of AFM images taken right after dip-coating are shown in Figs. 2.3. The
images demonstrate the nearly hexagonally arrangement of our self-assembled Au NPs on
TiO2 (6 nm)/Ti(9 nm)/SiO2 /Si(111). Figure 2.3 shows synthesis results of monometallic
Ir (Z = 77), Pt (Z = 78), and Au (Z = 79) NPs using PS(81000)-b-P2VP(14200) with
r = 0.6. O2 -Plasma was used for polymer removal. The first and second rows show the
3 × 3 µm2 and 1 × 1 µm2 AFM images, respectively. The use of different precursors, in
this case HAuCl4 · 3H2 O, H2 PtCl6 ·6H2 O, and H2 IrCl6 ·3H2 O, is seen to have no effect over
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Figure 2.3: AFM images showing examples of iridium (Z=77), platinum (Z=78), and gold
(Z=79) NPs synthesized by inverse micelle encapsulation. Two image sizes of 3×3 µm2 and
1×1 µm2 are shown, together with the respective height (h) and interparticle distance (ID)
distribution. The histograms were generated by a home-made code written in MATLAB
(Farzad Behafarid, UCF).
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(b)

(a)

(c)

600 nm

200 nm

200 nm

Figure 2.4: AFM Images showing examples of the use of PS(53000)-b-P2VP(43800) diblock
copolymer to synthesize Au NPs onto a (a) rough surface of SWNT Buckypaper. In these
images, (b) the Au NPs were drop-coated on 25−50 µm thick SWNT Buckypaper and (c)
subsequently treated with O2 -plasma. The height scales are (a) z = 400 nm, (b) z = 60 nm,
and (c) z = 30 nm. (Collaboration with Dr. Zhiyong Liang, Florida State University.)

the ID distribution. However, decrease in the ID distribution was observed using an FeCl3
precursor as described in chapter 7.
Figure 2.4 reveals the possibility of depositing metal NPs on a thin sheet of Buckypaper. The synthesis of Au NPs was conducted on a 25−50 µm single wall nanotube (SWNT)
Buckypaper by drop-coating the micellar solution PS(53000)-b-P2VP(43800), with r = 0.4.
Regardless of the initial roughness of the Buckypaper and other morphological characteristics, Fig. 2.4(a), AuCl−
4 loaded micelles are separated from each other by an interparticle
distance determined by the PS molecular weight, Fig. 2.4(b). Subsequent O2 -plasma leads
to polymer removal without the disintegration of the thin Buckypaper. Since the adhesion
of Au NPs to carbon-based substrates is weak [123, 124], the disruption into small Au NPs
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is observed after the O2 -plasma exposure.
The main advantage of this technique is the flexibility in tuning size and interparticle
distance. The particle size can be tuned by changing the length of the diblock head (P2VP)
and by modifying the metal precursor/P2VP ratio (r). The interparticle distance can be
changed by using diblock copolymers with different tail lengths (PS). As discussed in chapter
7, the versatility of the inverse micelle technique is also shown for synthesizing bimetallic
systems with controlled amounts of different metal precursors and isotopically enriched
NPs [252, 265, 266]. The extra step in this synthesis is the generation of
based on the etching of a
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Fe

FeCl3 precursor

Fe foil by HCl.

3
F e + 3HCl → F eCl3 + H2
2

(2.1)

The possibility of synthesizing monometallic NPs of two different materials onto the same
substrate’s surface by the addition of two polymer solutions containing two different metal
precursors is under investigation, chapter 7.

2.2

Nanosphere Lithography: Triangular-shaped NPs

Nanosphere lithography (NSL), named and pioneered by Van Duyne’s group is another
versatile bottom-up fabrication technique to synthesize periodic arrays in this case of nonspherical NPs [94, 95, 128–138]. The technique consists of (i) the fabrication of a mask by
dispersing colloidal PS latex nanospheres onto a hydrophilic surface with high-degree of order
[139, 147], (ii) vacuum evaporation of a material or etching through the mask, and (iii) mask
removal. The deposition through the voids between neighboring spheres leads to arrays of
triangular shaped particles. Van Duyne’s group has extensively explored variations of this
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technique for synthesizing arrays of triangular, spherical, and nanochain shaped-NPs onto a
solid substrate [134], with optical applications [e.g., surface-enhanced Raman spectroscopy
(SERS)] [95, 136–138].
The fabrication of a mask of PS spheres with highly-ordered and close-packed arrays
(colloidal crystal [140]) is the starting point and key parameter for obtaining, subsequently,
uniform periodic arrays of NPs. Van Duyne’s group used spin-coating (300 and 3600 rpm)
[129] and drop-coating [130] methods for uniformly dispersing PS spheres of diameters
φ = 165 − 542 nm. Several other groups have developed new methods with the aim of
improving the dispersion of PS spheres; as for example, drop-coating with a controlled water
evaporation-rate [141], vertical [142, 143] and horizontal dip-coating [144].
The methodology developed by Carnahan [145] and Giersig’s groups [148–159] deserves
special attention. The quality of the masks produced by these groups can be observed in
Fig. 1 of Ref. [148]. Subsequent metal evaporation and mask removal leads to highlyordered arrangement of triangular-shaped NPs, Fig. 2 of Ref. [148]. The former group has
synthesized large triangular-shaped Ni NPs using PS latex spheres of 496 nm and 1040 nm
in diameter leading to triangles with in-plane height dimensions of 155 nm and 250 nm,
respectively. The thickness is controllable by the evaporation rate [150, 151]. Suspensions of
colloidal particles are commercially available with sizes ranging from 10 nm to 10 µm [162–
164]. Due to the high surface tension of small PS beads in H2 O, and light weight, it still
remains a challenge to prepare uniformly arranged PS NPs of 10−200 nm in diameter [147,
160, 161]. The quality of NSL masks is outstanding when using only large (400−1000 nm)
PS latex spheres. Several alternative attempts were made by Giersig’s group to scale down
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(a)
(d)
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DI-H2O
Triton-X

(e)
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Figure 2.5: (a-d) Schematic representation of the dispersion of PS spheres onto surface of DIH2 O. (e) Images of 1 × 1 cm2 SiO2 /Si(111) substrates covered with 510 nm PS-latex spheres
after their transfer from the aqueous solution. The quality of the mask can be optically
checked by looking at the uniformity of its color when exposed to white light.

the size of the metallic NPs. For example, a reduction from ∼200 to ∼30 nm, with different
shaped NPs (rings, dots, and rods), is reported by the use of shadow NSL [155]. Several
other groups have developed their own techniques for decreasing the size and improving the
pattern design, including ion-polishing assisted NSL [165], vertical reactive ion etching (RIE)
with a mixture of CF4 and O2 gases [166] or with O2 -plasma etching [167, 168], and ultraflat
NSL [169, 170].
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NSL mask synthesis
As a starting point, the mask fabrication described by Giersig’s group based on PS particle
deposition onto surface water (similar to Langmuir-Blodgett film) has been intensively tested
in our laboratory. Starting with PS spheres of φ = 510 nm, the process was refined with
the goal of uniformly dispersed PS spheres of φ = 290, 50, and 21 nm. The monodisperse
PS sulfate latex spheres (sulphated) were purchased from Bangs Laboratory, Inc. [162] and
Invitrogen [163] as a 10 wt.% water solution. Silicon wafers of 10 × 10 mm2 used for the
mask deposition were a priori cleaned with RCA (10 mL NH4 OH : 5 mL H2 O2 : 40 mL H2 O
at 60 o C for ∼15 min.) which is known to efficiently remove organic contaminations and
enhance the hydrophilicity of the surface substrate. An O2 -plasma treatement is reported
to result in a higher hydrophilicity of the SiO2 surface. Figure 2.5 shows schematically the
steps for the mask fabrication. The as-received PS solution was further diluted by adding
ethanol with an equal amount in volume (1:1). The solution was kept for ∼1 minute. in
an ultrasonic bath to improve homogeneity. Silicon wafers or glass slides used for optical
microscopy, were cleaned with acetone in an ultrasonic bath for ∼1 min. About 50−70
µL of the PS and ethanol solution was applied to the surface of the silicon or glass piece,
and subsequently slowly immersed into DI-water (∼18 MΩ·cm resistance). The PS particles
disperse onto the DI-water surface and form regions with unordered and ordered monolayer
films, Fig. 2.5(a). The quality of the mask formed can be quickly judged by looking at
the uniformity of the dispersive colors generated by the white light of the room shinning on
the mask. To consolidate the PS particles on the DI-water surface (mask formation), the
surfactant Triton-X was used. The initially RCA cleaned SiO2 chip is slowly immersed into
57

the DI-water and the mask is then lifted from the surface of the water, Fig. 2.5(c)(e).
Figure 2.6 shows an example of the mask obtained in our group using PS spheres of
φ = 510 nm measured by AFM. Several well known structural defects typically observed
in 2D latex monolayers, such as point defects (vacancies), line defects (dislocations) and
disordered areas (grain boundaries) were minimized by using the procedure described above.

Metal evaporation and mask removal
Physical vapor deposition (PVD) is the most common method used to fill the gaps
formed between the PS spheres. Figure 2.7 shows schematically the steps for obtaining the
hexagonally-arranged arrays of triangular shaped NPs. The fabricated PS mask is loaded
into a vacuum chamber where the evaporation source is located, Fig. 2.7(a). In our studies,
Au and Ti were mainly used as metal sources and two types of common evaporator sources
were used: a resistive-heating system with an Al2 O3 crucible containing Au and an e-beam
gun for Ti evaporation, Fig. 2.7(b). The evaporation was performed in 1 × 10-6 Torr vacuum
with an evaporation rate of 0.1 − 0.5 Å/s. Both sources were observed to result in some sample heating if high-evaporation rates were used. Exceeding the glass-transition temperature
of the PS spheres (Tg(bulk) = 370 ± 1 K [171–174]) leads to polymer melting. The decrease of
PS thickness was observed to correlate with the decrease in Tg [171, 175]; thus, much lower
Tg is expected for PS spheres than Tg(bulk) . Total Au and Ti evaporations in the range of
0.2 − 90 nm thickness were monitored by a quartz-micro-balance and later on verified by
AFM measurements. The subsequent mask liftoff, Fig. 2.7(c), was performed by immersing
the sample in tetrahydrofuran (THF) for ∼1 min., to dissolve the mask, and an ultrasonic
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50 x 50 µm2

Triangular spacing
z = 510 nm

600 nm

Figure 2.6: AFM image of a mask with PS latex spheres of φ = 510 nm diameter after
transfer to the SiO2 /Si(111) substrate (height scale = 510 nm). The inset is a magnified
image (3 × 3 µm2 ) showing the triangular shaped voids between neighboring PS spheres.
Work conducted in collaboration with Hanoy Estrada (undergraduate, UCF) and Damien
Denis (K-12 student, Edgewater High School).
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(a)

PS Mask fabrication
Transfer to Substrate

(b)

Evaporation of metal
(Au, Ti, Cr, Pd, …)

(c)

600 nm

Mask removal
600 nm

Figure 2.7: Schematic showing the metal evaporation and mask removal steps in the NSL
technique. (a) Representation of the PS mask on a substrate. (b) Representation of the
metal evaporation reaching the substrate through the voids between the spheres. After the
evaporation, the AFM image shows a rough surface due to the deposition of Au. (c) The PS
mask is removed using tetrahydrofuran (THF) to dissolve the PS spheres and an ultrasonic
bath to detach the remaining mask from the substrate.

bath for ∼5 s. to deattach the remaining mask. THF was observed to leave residues on the
sample surface and further cleaning was performed with toluene in an ultrasonic bath for ∼5
s. The final cleaning was performed by exposing the samples to an O2 -plasma (PO2 = 4×10-5
mbar) and no carbon signal (C-1s) was observed within the sensitivity limits of XPS.
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Figure 2.8: Different examples of the structures synthesized in our group using the NSL
technique and monitored by AFM. (a,b) Hemispherical Pt NPs distributed on Au triangular
NPs on SiO2 /Si(111). The polymer PS(81000)-b-P2VP(14200) was used to synthesize Pt
NPs. (c,d) 4 Å evaporation of Au onto TiO2 (6 nm)/Ti(9 nm)/SiO2 /Si(111). (e,f) Ar+
sputtering at 45

o

with respect to the sample normal was used before Ti evaporation.
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Several structures were fabricated in our group based on the NSL technique, and Fig. 2.8
shows selected AFM images as examples. Dip-coating one of the samples having an array of
Au triangular NPs into a Pt-precursor-loaded micellar solution [PS(81000)-b-P2VP(14200),
r = 0.6], with further O2 -plasma treatment for polymer removal, results in uniformly dispersed hemispherical Pt NPs on the SiO2 surface and on top of the Au triangles, Fig. 2.8(a,b).
Evaporation of thin (4 Å, r = 0.2 Å/sec) Au films onto the pearl-like structure of the TiO2 (6
nm)/Ti(9 nm)/SiO2 /Si(111) surface shows good Au wettability, Fig. 2.8(c,d). This system
is expected to show high catalytic activity for reactions such as water-gas shift (WGS) [275];
CO, CO2 , and C3 H6 hydrogenation [211], H2 O2 synthesis [212], CO oxidation [209, 367], and
propylene epoxidation [208]. The images in Fig. 2.8(e,f) were obtained after Ar+ sputtering
(5 keV, 10 µA, 40 min.) at 45o with respect to the sample normal and subsequent evaporation of 10 nm of Ti. As described in the next section, the pattern above was generated during
“trial and error” experiments for synthesizing structures composed of a single spherical NP
supported on a triangular nanostructured base. These structures are expected to provide
indepth insight into NP-support interactions, and a systematic study would be possible by
controlling the size of the NP and thickness of the triangular base support. In addition, this
structure might also mimic real-world catalysts where metallic NP catalysts are impregnated
on nanometer-sized polycrystalline powder supports [254, 255, 259, 263, 264].

Combined inverse micelle technique and NSL
The inverse micelle encapsulation and NSL techniques described in sections 2.1 and 2.2,
respectively, were combined with the aim of synthesizing structures consisting a single, spher-
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Au precursor loaded PS-b-P2VP
5nm TiO2 film
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Ti

600nm

Figure 2.9: (a) Schematic showing the combined techniques of inverse micelle encapsulation
and NSL for synthesizing spherical NPs supported on a triangular-shaped base support. (b)
AFM image acquired after drop-coating the micellar Au precursor solution onto a 5 nm TiO2
film deposited on SiO2 /Si(111) and (c,d) after O2 -plasma for diblock copolymer (PS-b-P2VP)
removal and THF for the PS mask removal.
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ical Au NP supported on a triangular base of Ti. Figure 2.9 shows the procedure, which
has given so far the best results thus far. The PS mask, covered with 5 nm of Ti and naturally oxidized to TiO2 due to air exposure, receives the coating of the Au precursor loaded
micelles [PS(81000)-b-P2VP(14200), r = 0.2] by drop-coating, Fig. 2.9(a). Regardless of
the morphology of the underlying surface, the drop-coating method was shown by AFM to
result in the formation of a monolayer thick of micellar film, Fig. 2.9(b). Further, from the
drop-coating some of the micelles were expected to fall between the triangular voids and
ultimately reach the evaporated Ti. Subsequent O2 -plasma exposure (PO2 = 4 × 10-5 mbar)
and mask removal by THF and toluene resulted in the desired structure, Figs. 2.9(c,d). The
AFM image (3 × 3 µm2 ) shows that only fourteen out of ninety (∼16%) Ti nanotriangles
were supporting spherical Au NPs. Thus, further improvement is clearly needed to reach an
efficiency close to 100%. The main problem observed in this technique is the weak adhesion
of the metal-loaded micelles to the evaporated Ti film since the micelles tend to rather form
a 2D network on the PS mask, Fig. 2.9(a). Although the ion-polishing step described by
Zheng et al. [322] was used for different purposes, it would most likely help to increase the
efficiency of our methodology. However, trials were done with an sputtering gun in our UHV
system and holes in the substrate as well as deformed PS spheres were observed leading to
“flower-shaped” NPs after Ti evaporation, Fig. 2.8(e,f).
The challenge for ordering PS spheres with diameters below 200 nm still remains, Fig.
2.10. Using PS with φ =510 nm, systematic studies on the shape changes of Au nanotriangles
by annealing and laser irradiation were possible using the scratch method described in the
next section 2.3.
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25 x 25 µm2
z = 290 nm

1000 nm

Figure 2.10: AFM image of the mask with PS latex spheres of φ = 290 nm after transfer to a
SiO2 /Si(111) substrate (height scale = 290 nm). The inset is a magnified image (5 × 5 µm2 )
showing a certain degree of order. Work conducted with Hanoy Estrada (undergraduate,
UCF) and Damien Denis (K-12 student, Edgewater High School).
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Figure 2.11: AFM snapshots of the (a) initial Au triangular-shaped NPs synthesized by the
NSL technique and (b,c) AFM snapshots from the sample region after pulsed [5 ns (0.5 Hz)]
laser irradiation (λ =532 nm and ∼51 mJ/cm2 , NL303G EKSPLA). The number of pulses
applied are indicated on top of the AFM images. The height scale for all samples is z = 50
nm.

2.3

Scratch Technique: Ex-situ study of individual NP behavior

In this section, a technique with the aim of monitoring the behavior of individual Au NPs
supported on SiO2 /Si(111) after different treatments (e.g., laser irradiation and annealing
in UHV) is reported. The technique is based on indexing a region of the surface with a
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reference mark using a diamond scribe. This reference mark can be observed optically and
easily located in the AFM instrument (during tip positioning), and allows us to scan the
same pre-selected area after different treatments. Figure 2.11 shows an example of the AFM
snapshots after pulsed laser irradiation (5 ns, 0.5 Hz, λ =532 nm and ∼51 mJ/cm2 ) of Au
nanotriangles with inplane-height of 140 nm and thicknesses of 15 nm. The individual Au
nanotriangles can be followed by numbering them. For example, after 30 pulses, Fig. 2.11(b),
nanotriangle 7 was observed to disappear; either by jumping [176] or disintegrating into
smaller Au NPs [179]. Meanwhile, nanotriangle 8 was observed to melt into a spherical Au
NP [177, 178]. Considering the initial top flat-shape of this triangle and final spherical shape,
volumes of 2 ×105 nm3 and 4 ×104 nm3 are extracted, respectively. The height measurement
by AFM is expected to be precise once the correct calibration factor of the vertical piezo
movement (V/nm) is determined. The lateral dimensions obtained by AFM are known to
display large measurement errors due to tip-nanotriangle convolution effects which appears
in the final image. However, the relative values would be physically comparable if the shape
of the cantilever does not change from one snapshot to another. The minimum tip-shape
change is observed when comparing the lateral dimensions (∼140 nm) between triangles
from different snapshots which did not suffer shape changes. After further irradiation, Fig.
2.11(c), the AFM image shows the melting of other triangles which did not suffer changes in
the previous snapshot (e.g., triangles numbered from 1−6). Furthermore, the appearance of
new small Au NPs is observed due to efficient absorption of λ = 532 nm wavelength by the
newly formed spherical Au NPs [180–182].
The melting behavior of the 15 nm-high Au nanotriangles supported on SiO2 /Si(111), Fig.
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Figure 2.12: AFM image snapshots of the (a) initial Au triangular-shaped NPs supported
on SiO2 /Si(111) and (b-d) further step-wise annealing to 500, 750, and 1000 K for 30 min
at each temperature. Height scales for all samples: z = 40 nm.

2.12, was also studied after annealing in UHV. The annealing was observed to induce more
uniform shape changes as compared to laser irradiation. However, even after annealing to
1000 K, the final shapes reveal the persistance of triangular particles with rounded corners. A
close inspection reveals a rough triangular surface right after Au evaporation, Fig. 2.12(a),
and a much smoother surface after annealing, Figs. 2.12(c,d). The roughness of the Au
surface, indicating the presence of high step/kink densities, is expected to result in high
reactivity for CO oxidation [220, 230].
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Figure 2.13: C3 H6 TPD experiments on Au nanotriangles supported onto SiO2 /Si(111).
Data from samples annealed at different temperatures are shown. A shape change from
triangular to spherical NPs is observed with increasing annealing temperature.

CO oxidation and propene adsorption reactions on the differently shaped Au nanotriangles were studied by TPD as described in the section 1.1.4. However, no distinguishable
activity was observed. Propylene was also used for probing the structure-dependence adsorption/desorption effects, Fig. 2.13. The initial synthesized triangles showing a rough top
surface were exposed to sub Langmuir doses of propylene at a low temperature (T ≈ 120
K). Three desorption features labeled σ (T ∼ 137 K), γ1 (T ∼ 200 K), and γ2 (T ∼ 250 K)
were observed after desorption experiments (β = 5 K/s) monitored by a QMS. The NP-free
SiO2 /Si(111) support produces only the low-temperature σ peak (not shown). After sample
annealing at 500 and 750 K (where changes in the NP shape were observed), the γ2 peak is
observed to decrease in intensity and no changes are observed for the γ1 peak. The correlation between AFM morphology and TPD desorption peaks leads to the assignment of γ1
desorbed from on-top of Au flat surface and γ2 from kinks/steps of Au surface.
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CHAPTER THREE: THERMAL AND CHEMICALLY DRIVEN
MORPHOLOGICAL TRANSFORMATIONS IN NANOSCALE
SYSTEMS

3.1

Introduction

It is well known by now that small supported Au NPs (< 5 nm) display enhanced chemical
activity as compared to bulk Au [183, 184]. However, further insight is still needed on the
structure-reactivity relationship in particular, on how the NP morphology changes under
realistic reaction conditions (temperature and gas environments) [2, 185–188].
Thermal- [189, 190, 193, 415] and gas-induced [191, 192, 250, 334] deactivation processes
on size-selected nanocatalyst have been reported and attributed to changes in the NP morphology (size, shape, and support dispersion). For example, using the STM tip-shadowing
technique [193, 194], Goodman’s group reported structural changes on individual Au NPs
supported on TiO2 upon annealing. An artificial reference marker was created on the NP
support using the tip as a mask during the evaporation of Au. This marker allows one
to easily locate the same pre-selected sample area to be scanned after subsequent thermal
treatments. Ostwald ripening and cluster diffusion were reported upon annealing at 950 K
for 30 min. with a 4-fold cluster volume increase and a decrease in particle density.
In this work we have developed a simple technique with the aim to ex-situ monitor
via AFM the behavior of individual NPs after different annealing treatments and/or gas
exposures. The imaging of the same selected area is conducted by creating an artificial
nanostructured marker as a reference marker. This reference mark can be easily located with
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the optical microscope attached to the AFM microscope and the same pre-selected region of
the sample can be scanned ex-situ after subsequent in-situ (UHV) thermal treatments. The
results allow us to observe the behavior of individual NPs in a large scale (3000×3000 nm2 )
and to directly compare morphological changes of a large number of individual NPs within
the ensemble. Au NPs supported on SiO2 are being used here as model system. Changes in
their morphology will be discussed under thermal and chemical treatments.

3.2

Experimental

Hexagonally ordered arrays of Au NPs were synthesized by the inverse micelle encapsulation technique (See Chapter 2 for details) using three polymer types: PS(81000)-P2VP(14200)
with r = 0.6 metal/P2VP ratio, PS(53000)-P2VP(43800) with r = 0.4, and PS(53400)P2VP(8800) with r = 0.4. Naturally oxidized n-Si(111) wafers were used as substrates. A
reference mark was made on the surface with a diamond scribe. This reference mark allowed
us to localize and scan the same region after each sample treatment. Substrate dip-coating
into the gold polymeric solution at a speed of 10 mm/min resulted in a monolayer-thick film
of monodispersed gold NPs.
The ex-situ prepared samples were transferred into UHV for polymer removal by an O2 plasma treatment (5.5×10−5 mbar for 100 min.). The thermal stability of our Au NPs was
monitored after annealing at 500 K (for 30 min), 1000 K (for 30 min), and 1343 K (for 1
min). After each annealing temperature, the sample morphology was characterized ex-situ
at RT via tapping-mode AFM. At the same time, the AFM tip is positioned close to the
reference mark. The non-contact silicon AFM tips used in this study are specified to have
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an end radius below 10 nm. The cantilevers used have resonant frequencies in the range
of 300-330 kHz with spring constants of about 42 N/m. A typical scan rate of 1 Hz was
used to acquire the images and the tip-sample interaction (in time and applied force) was
minimized to avoid tip induced shape changes during scanning. This allows us to use the
same AFM tip for the acquisition of all images without much distortion (tip effects) in the
acquired images.

3.3

Results and Discussion (AFM)

Figure 3.1 shows 3000 × 3000 nm2 AFM images of Au NPs synthesized by inverse micelle
encapsulation using the diblock copolymer PS(81000)-P2VP(14200). Image (a) was taken
after O2 -plasma, (b) after subsequent UHV anneal at 500 K for 30 min, (c) at 1000 K for
30 min, and (d) at 1343 K for 1 min. The reference mark, with a width of ∼250 nm is
optically observable on the sample surface and easily located during AFM alignment. After
O2 -plasma a uniform NP arrangement is observed, Fig. 3.1(a). The similar brightness (height
scale) of the NPs in this image indicates a uniform NP height distribution. After sample
annealing at 500 K, Fig. 3.1(b), an increase in the number of brighter spots (large NPs) is
observed. Further annealing at 1000 K, Fig. 3.1(c), reveals a much more pronounced height
contrast, indicating the existence of a bimodal size distribution. After sample annealing to
the maximum temperature allowed in our system (1343 K) for 1 min, the onset of SiOx
desorption was observed [dark regions in Fig. 3.1(d)]. However, our Au NPs were found to
be strongly stable against mobility. Interestingly, the desorption of SiOx was observed to
start in the surroundings of individual Au NPs. Berko et al. [200] also observed a similar
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Figure 3.1: 3000 × 3000 nm2 AFM images showing the thermal evolution of hemispherical Au NPs synthesized by micelle encapsulation using a PS(81000)-P2VP(14200) diblockcopolymer and r = 0.6 metal/P2VP ratio. Image (a) was taken after O2 -plasma for the
polymer removal, (b) after subsequent annealing in UHV at 500 K (30 min.), (c) at 1000 K
(30 min.), and (d) at 1343 K for 1 min. The squares in Figure (d) show the regions zoomed
in for easier NP tracking displayed in Fig. 3.2. The height scales are (a) z = 40 nm, (b) z =
30 nm, (c) z = 25 nm, and (d) z = 20 nm. The AFM scanning speed was 6 µm/s (1 Hz).
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behavior when Pt (1−4 nm) NPs supported on TiO2 (110) were annealed at 1100 K. The
authors proposed the presence of Pt atoms enhances the breaking of Tix Oy . Tsirlin et al.
[201] measured the adhesion force of 28 nm Pt NPs deposited on alumina using contact
mode AFM. The authors found that on as-prepared samples, the NPs could be removed by
an AFM tip with a force of ∼30 nN. When the samples were annealed at 773 K in vacuum,
the metal-support adhesion increased, and the Pt NPs could be removed only with a force of
∼4000 nN. The changes in the morphology of individual Au NPs supported on SiO2 can be
better distinguished in the close up images (regions marked by squares in Fig. 3.1) displayed
in Fig. 3.2.
Figure 3.2 shows 1000 × 1000 nm2 region of our samples close to the reference mark.
All images were plotted in the same height scale, z = 20 nm, for comparison purposes. As
was mentioned before, a uniform height distribution was observed after O2 plasma (uniform
brightness in the image). Subsequent annealing in UHV reveals the presence of a small group
of NPs (minority) with larger sizes coexisting with a second group of NPs (majority) that
appear to have become small in size. The evolution of individual Au NPs was followed and
analyzed after the different annealing treatments. A total of twenty particles were chosen
at random and divided into two groups. The NPs which becomes large were marked with
circles and numbered from 1 − 10 in Fig. 3.2. The other group of NPs represent, the ones
which were found to shrink in size and are marked with squares, labeled from 11 − 20 in
Fig. 3.2. In this way, we were able to correlate differences in NP size, Fig. 3.2(a), with the
distinct final NP sizes measured after annealing.
Figure 3.3 shows topographic 3D images from Fig. 3.2 together with the corresponding
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Figure 3.2: 1000 × 1000 nm2 AFM images of the thermal evolution of Au NPs [PS(81000)P2VP(14200), r = 0.6] supported on SiO2 /Si(111). Image (a) was taken after O2 -plasma,
(b) after annealing in UHV at 500 K (30 min.), (c) at 1000 K (30 min.), and (d) at 1343 K (1
min.). All images correspond to the same sample region and the height scales are identical
(20 nm).

height histograms. After O2 -plasma, an average NP height of 4.6 ± 0.9 nm was measured.
With increasing annealing temperature the average height was observed to decrease to 2.3 ±
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Figure 3.3: Topographic three-dimensional 1000 × 1000 nm2 AFM images of Au NPs
[PS(81000)-P2VP(14200), r = 0.6] on SiO2 /Si(111) together with the corresponding height
histograms. The data displayed were obtained after O2 -plasma (a) and subsequent annealing
in UHV 500 K (b), 1000 K (c), and 1343 K (d). The height scale is z = 20 nm for all images.
The arrows on the right side of the AFM images indicate the position of the reference mark
used to identify the same sample position in all cases.

0.6 nm after 500 K, 1.5 ± 0.4 nm after 1000 K, and 1.5 ± 0.4 nm after 1343 K, Fig. 3.3.
However, as shown in the topographical images, a small number of our NPs was also observed
to increase in size, or at least keep their original size. In the histograms this appears as a
bimodal distribution as it is observed in the 1000 K histogram with two peaks, the major
one centered at 1.5 nm and a smaller one at 4 nm. The histogram of the sample annealed at
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Figure 3.4: Evolution of the height of selected Au NPs [PS(81000)-P2VP(14200), r = 0.6]
with increasing annealing temperature.

1343 K shows a much more scattered height distribution above 4 nm, which is attributed to
changes in the morphology of the SiO2 substrate, thus influencing the height measurements
of individual NPs.
Figure 3.4 shows the evolution of the height of individual Au NPs marked in Fig. 3.2.
Depending on the initial NP height, the NPs were observed to display two distinct behaviors.
The NPs which had shown brighter intensities (large initial size of 5−8 nm) were found to
further increase their size upon annealing (marked by squares in Fig. 3.2). On the other
hand, the initially smaller NPs (3−5 nm) were found to decrease in size with increasing
annealing temperature (marked by circles in Fig. 3.2).
For the smaller NPs, the height distribution after annealing at 1343 K was observed to
decrease to 1.5 ± 0.2 nm. Further decrease in the size of the small NPs might be prevented
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due to the strong interaction with the SiOx substrate. Our data appear to indicate that the
small NPs lose some Au atoms, that migrate/diffuse to the large NPs.
Since the same AFM tip was used to acquire the four images in Fig. 3.2, and assuming
that this tip does not change significantly in shape during the measurements, the relative
comparison in the NP diameter distributions should still be valid (not shown). Interestingly,
the average diameters show the same trend observed for the NP height distributions. A
decrease from 29.8 ± 1.3 nm (after O2 -plasma) to 22.8 ± 1.9 nm (after 1343 K) is observed
for the initial smaller NPs [squares, Fig. 3.2 and Fig. 3.4(b)], and a slight increase from
33.5 ± 4.2 nm (after O2 -plasma) to 39.7 ± 3.2 nm (after 1343 K) for the group of initially
larger NPs [circles, Fig. 3.2].
The variations in the relative diameter values were found to be more pronounced than
the variations in the height values while comparing the initial NP dimensions (after O2 plasma) to those obtained annealing at 1343 K. This suggests that Au atoms diffusing from
the small to the large NPs, might preferentially nucleate at the Au/SiOx perimeter of the
large Au NPs, leading to more pan-cake like hemispherical NPs. The above observations are
in agreement with the Ostwald ripening model in which small NPs donate atoms to large
NPs [244]. The driving force for this mechanism is the minimization of the system’s surface
free energy. In addition to morphological changes of the NPs, dynamical changes of the
support (morphology and stoichiometry) are also an important factor to be considered in
the analysis. Vacuum annealing at elevated temperatures (>1000 K) leads to an oxygendeficient SiOx surface which could react with interfacial Au atoms leading to gold silicide
formation [202, 203].
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Figure 3.5: XPS spectra (Al-Kα = 1486.6 eV) corresponding to Au-4f core levels of Au NPs
[PS(53000)-P2VP(43800), r = 0.4] supported on SiO2 /Si(111). The XPS was measured after
(i) annealing in UHV at 800 K for 30 min, (ii) Ar+ sputtering (0.5 keV) for 15 min., and (iii)
Ar+ sputtering (0.5 keV) for an additional 30 min. The vertical lines indicate the reference
BEs of metallic Au0 (solid), Au3+ (dashed), and Au−Si (dotted) species.

In a separate experiment, we have observed by XPS the formation of gold silicide, Fig.
3.5, when Au NPs deposited on SiO2 /Si(111), and subsequently annealed at 800 K, were
exposed to Ar+ sputtering. After annealing, the Au0 -4f7/2 and Au0 -4f5/2 doublets appear at
84 and 87.7 eV, respectively. Subsequent Ar+ sputtering (0.5 keV, PAr = 5 × 10−7 mbar,
I = 2µA, 15 min.) leads to two new spectral components (in addition to Au0 ), Fig. 3.5(ii)
at 85.2 and 88.7 eV that are assigned to Au−Si formation. Further, sputtering for another
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(a) Ar+ Sputtering 0.5 keV, 15min

(b) Ar+ Sputtering 0.5 keV, 45min
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Figure 3.6: 1 × 1 µm2 AFM images showing the Ar+ sputtering effects of Au nanoparticles
synthesized by inverse micelle encapsulation technique: PS(53000)-P2VP(43800), r = 0.4.
Differences between (a) Ar+ sputtering of 0.5 keV for 15 min. and (b) same sputtering
conditions for another 30 min. are shown. The height scales are (a) z = 40 nm and (b)
z = 20 nm.

30 min. results in the complete formation of Au−Si, Fig. 3.5(iii). This is in agreement with
Au−Si observation by other groups [196–199]. The Au-Si formation during sputtering is
attributed to an enhanced Au-Si intermixing and the coating of Au NPs by Si atoms. AFM
images from the sputtered Au NPs are shown in Fig. 3.6. A remarkable NP stability is
observed and only a decrease in the apparent NP height is detected with increasing Ar+
sputtering time. This decrease is attributed to the deposition of Si atoms from the substrate
on top of the NPs.
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Figures 3.7 and 3.8 show AFM images of Au NPs prepared using a different diblockcopolymer [PS(53000)-P2VP(43800)] than in Figs. 3.1 and 3.2. Here, the average initial
NP height distribution is 18±6 nm and average interparticle distance 60±9 nm. In this
sample, an increase in the number of large particles (bright spots) is observed with increasing
annealing temperature. However, many other particles did not experience any structural
changes. Again, a sample region close to the reference mark was zoomed-in on for a more
detailed morphological analysis, Fig. 3.8. Interestingly, only particles that were initially
close to each other (∼20 nm interparticle distance) showed sintering. This result seems to
indicate a lower melting temperature for the Au NPs as compared to bulk Au. The bright
spots observed in Fig. 3.8(b) indicate that Au NPs melt and NPs which are close to each
other sinter. However, no indication of particle mobility can be inferred from these images.
Figure 3.9 shows gas induced morphological changes of Au NPs synthesized using PS(53400)P2VP(8800) and r = 0.4 and supported on SiO2 /Si(111). Figure 3.9(a) and (b) shows the
AFM images right after O2 plasma at RT for polymer removal (PO2 = 5 × 10−5 mbar for 95
min.) and subsequent O2 plasma at 450 K (PO2 = 4 × 10−5 mbar for 30 min.). The arrows
indicate the Au NPs which suffered changes in size. Some of the Au NPs were found to
desorb indicating that the mechanism of Au desorption upon O2 plasma at 450 K is atom by
atom in which atomic oxygen weakens the Au-Au bond. On the contrary, CO gas exposure
at 450 K did not induce morphological changes, Fig. 3.9(d).
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Figure 3.7: 3 × 3 µm2 AFM images showing the thermal evolution of hemispherical Au
NPs synthesized by inverse micelle encapsulation technique with PS(53000)-P2VP(43800),
r = 0.4. Image (a) was taken after O2 -plasma treatment for polymer removal, (b) after
annealing at 500 K for 30 min., (c) at 1000 K for 30 min., and (d) After annealing at 1343 K
for 10 s. The squares indicate the regions that have been measured with higher resolution,
Fig. 3.8.
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(a) O2 Plasma
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Figure 3.8: 1 × 1 µm2 AFM images of Au NP [PS(53000)-P2VP(43800), r = 0.4] on
SiO2 /Si(111) taken on the same sample region (a) before and (b) after annealing to 1343 K
for 10 s. The circles indicate sample locations in which NP coarsening was observed.

3.4

Conclusion

A method of indexing nanostructured-samples with a reference mark was used to characterize chemically and thermally-induced morphological changes of Au NPs supported on
SiO2 /Si(111) substrates by AFM. This technique allows us to easily locate and scan the
same pre-selected region of the sample. The behavior of individual NPs was analyzed as a
function of the annealing temperature. Although the initial Au NP configuration on SiO2
had a narrow height distribution, it was observed that the slight size variations among the
as-prepared NPs lead to Ostwald ripening phenomena upon UHV annealing. However, no
mobility of the NPs was observed even after annealing at 1343 K. This demonstrates the
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Figure 3.9: AFM images of small Au NP synthesized by PS(53400)-P2VP(8800), r = 0.4
and deposited on SiO2 taken on a pre-selected region of the sample. The image was acquired
after (a),(c) O2 plasma for polymer removal and subsequently exposed to (c) atomic oxygen
generated by O2 plasma (PO2 = 4 × 10−5 mbar) at 450 K for 30 min. and (d) CO dosing
(PCO = 4 × 10−5 mbar) at 450 K for 30 min. The height scales are z = 7 nm for all images.
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strong metal-support adhesion of the Au/SiO2 system. Our AFM images showed that high
temperature annealing lead to the desorption of SiOx patches around the Au NPs. Oxygendeficient SiOx surface is expected to induce gold silicide formation and this was attributed
to the thermal stability observed on these NPs. The comparisons between the bond energies
of Au-Au (2.9 eV) [195] and Au-Si (2.5 eV) [196] shows that gold silicide has strong bond.
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CHAPTER FOUR: SIZE-DEPENDENT ELECTRONIC AND
CATALYTIC PROPERTIES OF SUPPORTED METAL
NANOPARTICLES.
SYSTEM: Au/TiC.
REACTION: CO OXIDATION.
−L.K. Ono, D. Sudfeld and B. Roldán Cuenya, Surf. Sci. 600 (2006) 5041-5050.
−A. Naitabdi, L.K. Ono and B. Roldán Cuenya, Appl. Phys. Lett. 89 (2006) 43101.
4.1

Introduction

Until the beginning of the 80’s, Au was considered a poor candidate for heterogeneous
catalysis applications, since reactive gases like O2 do not adsorb on bulk Au surfaces [204,
362]. This trait is attributed to the lack of interaction between the orbitals of adsorbates
and the filled d−states of gold [363, 364]. Extensive studies conducted by Bond et al.
[205] showed the unusual catalytic performance of small Au NPs supported on silica for
highly selective hydrogenation reactions. Later on, Haruta et al. [206] demonstrated the
dramatic enhancement of catalytic activity and selectivity of highly-dispersed Au NPs (<5
nm) supported on reducible metal oxides for a number of reactions including CO oxidation,
combustion of hydrocarbons and reduction of nitrogen oxides [207]. This work also drew
attention to the influence of the NP preparation method on the catalyst’s performance.
“Coprecipitated” Au NPs were found to be more active than “impregnated” nanocatalysts
for low temperature CO oxidation [209, 210]. In the last twenty five years, researchers have
found that Au NPs are excellent catalysts for many other technological and environmentally
important reactions including hydrogenation of CO2 and CO into methanol, decomposition
of halogenated compounds [207], propene epoxidation [311], water-gas shift reactions [312],
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hydrogenation of CO2 and CO [211], the reduction of nitrogen oxides [299, 313], and other
air purification applications [314, 315].
Since the first experimental observations, considerable efforts have been dedicated to the
systematic investigation of the influence of NP size [207, 209, 213, 214, 246, 247], shape [207],
and NP-metal oxide support interaction [207, 215] on the catalytic activity [216]. One of the
most broadly studied catalytic reactions is the low temperature oxidation of CO. Despite the
large amount of published work available, the origin of the unusual catalytic properties of
supported metallic NPs is still under discussion. Having as a common goal the understanding
of catalysis at the atomic level, previous researchers proposed different models that could
explain the high activity of metallic NPs [209, 217–220]. Goodman’s group suggested that
the high activity of small Au NPs is related to quantum-size effects generated by electrons
confined within a small volume [213, 221]. Based on STS studies, a size-dependent metal-tonon-metal transition was observed, and a correlation between the appearance of a band gap
and catalytic activity established. In addition, they observed that a bi-layer Au structure
showed higher activity than a monolayer structure [218, 222]. However, DFT calculations
by Mills et al. [223] showed that the presence of a band gap is not essential for a cluster to
display enhanced chemical reactivity.
TPD studies of CO desorption from different Au coverages deposited on FeO(111) carried
out by Freund et al. [224] indicated that the reactivity of Au NPs arises from the presence of
highly uncoordinated Au atoms instead of quantum-size effects. Based on DFT calculations
on Au surfaces, Mavrikakis et al. [225] found that CO, O and O2 preferentially chemisorb
on stepped surfaces. The authors concluded that the enhanced reactivity of small NPs could
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be related to their high step densities. This is in agreement with previous experimental
observations by Yates and coworkers [226, 227]. Also it has been long accepted that the
roughness of surfaces plays a vital role in catalysis [228–230].
Haruta et al. [209] suggested that the catalytic activity of Au NPs for CO oxidation
depends strongly on the NP/support contact area, i.e., on the particle’s shape. Different
preparation methods yield different shapes, and hemispherical NPs were found to perform
better than spherical NPs. These results also indicated that the catalytic reactions may
occur at perimeter sites, around the Au NPs, on atoms in contact with NP support [209].
Häkkinen et al. [231] attributed the enhanced catalytic properties of small Au NPs to
charge transfer from the metal-oxide support to the NP. Nevertheless, controversy in this
respect still exists, since a recent review article by Lopez et al. [220] compiling available
experimental data on CO oxidation by Au concluded that the particle size (and not the
support) was the determining factor controlling the catalyst’s performance. In the former
article, charge transfer from oxygen vacancies in the support to the Au particles as well as
the interaction of adsorbates with perimeter sites at the NP-support interface were found
not to significantly contribute to the observed activity. The authors pointed out that the
density of low-coordinate sites affects strongly the chemical activity and concluded that the
activity follows a scaling law of ∼1/d3 , with d being the particle diameter.
As will be discussed in a subsequent chapter, the size of the NPs does not only influence
their electronic and geometrical structures, but also their final oxidation state. A nonmonotonic size-dependent resistance towards oxidation was reported by Boyen et al. [108],
where closed-shell Au55 clusters (1.4 nm) encapsulated on (PPh3 )12 Cl6 were found to remain
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inert under strong oxidizing conditions. Later on, investigations by Roldan Cuenya et al.
[246, 247] suggested that the ability of certain cluster sizes to stabilize different amounts of
Au3+ upon O2 -plasma exposure. The influence of the oxidation state of Au on its reactivity
for CO oxidation is still under debate [232, 233].
The present chapter investigates the effect of particle size on the chemical reactivity of
Au. The low temperature oxidation of CO on Au NPs of sizes ranging from ∼2 nm to ∼6 nm
supported on thin TiC films is used as a model reaction. Transition metal carbides (TMC)
such as TiC have great potential as catalytic supports in industrial applications [340] due
to their high melting point, corrosion resistance [341]. Furthermore, TMCs such as WC and
MoC are known to exhibit reactivities similar to Pt-based catalysts for dehydrogenation,
hydrogenolysis and isomerization reactions [234–237, 342]. The catalytic properties of TiC
for reactions involving water, SO2 [238], ethanol [239, 240] and methanol [241] have been
investigated in the past. For example, Chen et al. observed that ∼70% of adsorbed water
in the first monolayer reacts with TiC producing CO and H2 [239]. Kojima et al. [242,
243] observed that TiC catalyzes the hydrogenation of CO to produce methane and higher
molecular weight hydrocarbons. Here, we report the first investigations of CO oxidation over
TiC supported Au NPs.

4.2

Experimental

Size- and shape-selected Au NPs with narrow size distributions have been synthesized
by inverse micelle encapsulation (See Chapter 2 for details). Table 4.1 contains additional
information on the molecular weights of the diblock copolymers used in the present study
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as well as on the relative metal/polymer core concentration ratios.
Electron-beam evaporated polycrystalline Ti films (15 nm-thick) evaporated on n-Si(111)
wafers have been used as substrate. Ultrathin TiO2 films were formed upon substrate exposure to air. Substrate dip-coating into the Au polymeric solution at a speed of 10 mm/min
resulted in a monolayer-thick film of monodispersed Au NPs covered by the polymer.
The characterization of the sample morphology (NP size and substrate distribution)
before and after polymer removal as well as after TPD was performed ex-situ by AFM in
tapping-mode. The lattice parameter and crystalline phase of the Au NPs were characterized
by TEM. For the TEM studies, the Au NPs were deposited onto C-coated copper grids. The
ex-situ prepared samples were subsequently transferred into an UHV system for polymer
removal and electronic/chemical characterization.
Polymer removal was achieved in-situ by annealing. The annealing temperatures for all
samples investigated lie above the glass transition temperature of both, PS (381 K) and
P2VP (373 K) polymer blocks. The annealing conditions vary depending on the polymer’s
molecular weight. A systematic study was performed in order to obtain the optimum annealing parameters (temperature and time) that minimize Au agglomeration while ensuring
polymer removal. The evolution of the polymeric carbon signal was monitored by XPS to
ensure the removal of the polymer from the Au NP surface.
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Figure 4.1: Tapping mode AFM images of Au NPs prepared by inverse micelle encapsulation
using the following diblock copolymers: (a-c) PS(53000)-P2VP(43800) (sample #1), (d-f)
PS(81000)-P2VP(14200) (sample #3). Micrographs (a),(d) were obtained directly after dipcoating; (b),(e) after polymer removal by annealing (UHV) at 623 K (23 h) and 773 K (0.5
h), respectively, and (c),(f) after five TPD cycles of CO oxidation [CO(0.6 L)+O2 (0.3 L)]
dosing at ∼95 K.
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Table 4.1: Summary of the parameters tuned during the synthesis of size- and shape-selected Au NPs. The optimum
annealing conditions (temperature and time) for each polymer type and the respective particle height, diameter, and
interparticle distance distributions measured by AFM and STM are given.

Sample

PS/P2VP

HAuCl4 /P2VP

Annealing

molecular

ratio

Temperature
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weight (g/mol)

Particle height (nm)

Particle diameter (nm)

Interparticle distance (nm)

(K)/Time (h)
AFM

STM

AFM

STM

AFM

STM

#1

53000/43800

0.4

623/23

6.1 ± 1.0

5.4 ± 0.1

38 ± 7

17.4 ± 0.1

44 ± 9, 83 ± 17

33.9 ± 0.1

#2

81000/14200

0.75

773/0.5

4.0 ± 0.8

-

14 ± 3

-

74 ± 11

-

#3

81000/14200

0.6

773/0.5

3.6 ± 0.5

4.3 ± 0.2

16 ± 3

12.8 ± 0.5

76 ± 9

51.7 ± 0.1

#4

81000/14200

0.2

773/0.5

1.9 ± 0.5

2.8 ± 0.2

18 ± 3

10.5 ± 0.5

78 ± 12

-

#5

53400/8800

0.4

773/0.5

-

2.2 ± 0.1

-

10.5 ± 0.1

-

21.3 ± 0.1

#6

8200/8300

0.1

773/0.5

2.1 ± 0.4

1.9 ± 0.1

14 ± 3

7.8 ± 0.2

27 ± 6

15.3 ± 0.1

#7

27700/4300

0.6

773/0.5

-

1.3 ± 0.1

-

7.1 ± 0.1

-

19.6 ± 0.1

The size-dependent electronic structure of the NPs was investigated in-situ by XPS and
STS and their reactivity for CO oxidation was monitored by TPD. During the TPD cycles,
the samples were dosed at low temperature (95 K) first with CO and subsequently with O2
via a manual leak valve that allows the entire chamber to be filled with the dosing gases.
Once the sample was positioned in front of the mass spectrometer, the absolute coverage
was determined from numerical integration of the TPD spectra. The dosing conditions used
in these experiments were 0.6 L for CO and 0.3 L for O2 . In our TPD experiments, the
heating rate was automatically controlled, and linear heating ramps were acquired with a
rate of β = 5.0 ± 0.1 K/s. The temperature measurements were carried out with a K-type
thermocouple located underneath the sample and spot welded to the sample holder. The
error in the temperature measurements was estimated to be ±1K.
4.3

Results and Discussion (AFM, STM/STS, TEM, XPS, TPD)

Morphology and Crystalline Structure (AFM / STM / TEM)
Figure 4.1 displays AFM micrographs of Au NPs synthesized by inverse micelle encapsulation using two diblock copolymers with different PS-P2VP molecular ratios [samples #1
(left column) and #3 (right column) in Table 4.1]. The top row (a,d) presents images of the
NPs immediately after dip-coating on polycrystalline TiO2 surfaces. The images shown in
the central row (b,e) were taken after polymer removal by annealing in UHV (see Table 4.1
for details on the annealing conditions). The bottom row (c,f) contains images measured
ex-situ after five TPD cycles of CO oxidation. Reactive coarsening (Ostwald ripening) is
observed for the sample with the largest NPs investigated [Fig. 4.1(c), sample #1]. The size
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Figure 4.2: Size distribution of samples #1 and #3 obtained from AFM images taken at
room temperature before (top) and after (bottom) CO oxidation.

and substrate distribution of the smaller and more uniformly dispersed NPs in sample #3
remained unaffected by the chemical reaction, Fig. 4.1(f).
Figure 4.2 shows the particle size distributions obtained from the analysis of the AFM
images in Fig. 4.1 taken before [Fig. 4.2(a,c)] and after TPD [Fig. 4.2(b,d)]. As mentioned
before, for our largest NPs (6.1 ± 1.0 nm, sample #1), a bimodal size-distribution with
average heights of 2.2 ± 0.6 nm and 8.3 ± 1.7 nm is obtained after TPD, Fig. 4.2(b). The
average height of sample #3 did not change upon gas exposure, Fig. 4.2(d). Analogously
to the case of our large NPs, Lai et al. [244] also reported size-dependent Ostwald ripening
94

during CO oxidation by UHV evaporated Au NPs deposited on TiO2 (110).
In order to rule out polymer effects from the catalytic activity of our size-selected NPs,
we have also synthesized a second set of samples with three distinct average size distributions obtained using only one diblock copolymer, PS(81000)/P2VP(14200), but changing
the HAuCl4 / P2VP concentration ratios (see samples #2, #3, and #4 in Table 4.1).
STM images of large TiC areas covered with self-assembled Au NPs are shown in Fig.
4.3. The images have been ordered from top to bottom in decreasing NP size (samples #1,
#3, #5, #6, and #7). The average values of the NP heights, diameters, and interparticle
distances are compiled in Table 4.1. In Fig. 4.3(a-h), the homogeneous coverage and a
quasi-hexagonal arrangement over large substrate areas of our Au NPs is apparent. Such
well-ordered structures take place owing to the appropriate adjustment of van der Waals
interactions between the tails of the PS-P2VP diblock co-polymers. Figure 4.3(a,b) displays
the ordered distribution of Au NPs in sample #3. This system shows the largest interparticle
distance, in agreement with our expectations for the encapsulating polymer with the longest
tail-length (PS block). Sample #5 corresponds to an intermediate size and interparticle
distance, Fig. 4.3(c,d). The last two systems, samples #6 [Fig. 4.3(e,f)] and #7 [Fig.
4.3(g,h)], exhibit a high density of small Au NPs (1.3 − 1.9 nm in height) and corroborate
the preservation of the initial spatial arrangement after the removal of the polymer by a high
temperature annealing treatment. Sample #1 (not shown) will be used as reference for the
STS measurements as it contains large NPs with bulk-like properties, namely I − V curves
displaying a typical metallic behavior.
TEM measurements were conducted on samples similarly prepared to #4 and #6, but
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Figure 4.3: STM images of self-assembled micellar Au NPs supported on thin TiC films and
measured at RT after annealing in UHV to 773 K (30 min). The scanned area on the left
column was (500 × 500 nm2 ) and (100 × 100 nm2 ) on the right hand side, with exception of
(b) (200 × 200 nm2 ) and (j) (150 × 150 nm2 ). Each row corresponds to a different sample
and higher resolution images are displayed in the right column. The tunneling parameters
used were It = 0.21 − 1.46 nA, Vt = 1.25 V − 1.73 V . The inserts in the right column (top
corner) shows the NP where I − V curves were measured. Images acquired in collaboration
with Dr. Ahmed Naitabdi (UCF).
96

Figure 4.4: TEM images (a) and (b) obtained from samples #6 and #4, respectively, after
in-situ polymer removal by annealing in UHV (773 K / 0.5 h). Images acquired by Dr.
Daniela Sudfeld (Department of Physics, University of Duisburg-Essen, Germany).

deposited on C-coated Cu grids. Figure 4.4 shows TEM images obtained after polymer
removal by annealing in UHV at 773 K. From the FFT analysis of the bright-field images in
Fig. 4.4(a), a fcc-Au structure with a lattice parameter of a = 0.423 ± 0.03 nm was observed
for the 8 nm large (diameter) NPs and a = 0.428 ± 0.021 nm for the 15 nm Au NPs. In both
samples, the NPs were found to be polycrystalline and multifaceted.
Previous cross sectional TEM work conducted by Kästle et al. [105] on similarly synthesized NPs but after polymer removal by O2 or H2 plasma treatments provided evidence for
the spherical shape of these NPs. However, recent STM results from our group [248] and
cross-sectional TEM data from Prof. Dr. Helge Heinrich (UCF) showed that the shape of
the NPs is altered during the high temperature UHV annealing (773 K) treatment employed
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Figure 4.5: Cross-sectional TEM images of micellar Au NPs supported on a TiO2 film. Two
different diblock copolymers were used: (a) PS(81000)-b-P2VP(14200) and (b) PS(53000)P2VP(43800). O2 -Plasma treatment was used for polymer removal. Images acquired by
Prof. Dr. Helge Heinrich (UCF).

here to remove the encapsulating polymer, resulting in hemispherical NPs, Fig. 4.5. A good
agreement between the NP heights determined by AFM and STM was found. As expected,
the apparent lateral size of the NPs measured by AFM was larger than the one measured
by STM and TEM due to the large curvature radius of the AFM tip (∼7 nm).

Electronic and chemical characterization (XPS and STS)
XPS was used to monitor changes in the chemical composition of the NP/metal-oxide
support after UHV annealing. Figure 4.6 shows XPS spectra from the Au-4f core level
region before (curves i, iii, v) and after (ii, iv, vi) annealing in vacuum (samples #2, #6,
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Figure 4.6: XPS spectra (Al Kα = 1486.6 eV) associated to the Au-4f core level of Au NPs
supported on TiO2 /Ti(15 nm) and measured at RT before (i, iii, v) and after (ii, iv, vi)
annealing in UHV. The spectra correspond to NPs synthesized by encapsulation on three
diblock copolymers with distinct core and tail lengths (see table 4.1): sample #6 (i, ii), #2
(iii, iv), and #1 (v, vi). The vertical lines indicate the BEs of the 4f7/2 and 4f5/2 doublet of
metallic Au and Au3+ in AuCl−
4 . The vertical arrows highlight the shifts in the BE of the
Au-4f7/2 peak with decreasing the NP size.

#1). The BE scale displayed has been calibrated using the Ti-2p XPS peaks as reference.
Since TiC/TiO2 substrates were thin films, a signal from the underlying Ti film can be
observed. The Ti-2p of that film at 454.2 eV is used as BE reference.
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Figure 4.7: XPS Au-4f7/2 BE versus cluster height for Au NPs supported on TiC. Data
extracted from the raw XPS data shown in Fig. 4.6

Before annealing and polymer removal, two XPS doublets with maxima at (84.0, 87.7
eV) and (85.5−85.7, 89.1−89.4 eV) were observed for samples #2 and #1, Fig. 4.6 (iii, v),
each doublet corresponding to the Au-4f7/2 and Au-4f5/2 . Sample #6, however, only showed
the second doublet. The first doublet, accounting for approximately 25% and 16% of the
total spectral area measured for samples #2 and #1, respectively, is assigned to Au0 (4f7/2
and 4f5/2 peaks). According to Glass et al. [106], the second doublet at 85.7 eV and 89.5
3+
eV corresponds to Au3+ in AuCl−
is
4 . Interestingly, our measurements showed that Au

more stable on the smallest NPs (sample #6), since no Au0 signal from the spontaneous
decomposition of Au3+ was detected before the thermal treatment. Further, the slightly
different BE shifts observed for the Au3+ doublet in the three different samples can be
attributed to NP charging due to the insulating encapsulating polymer, as well as to the
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distinct internal structure of the as-prepared nanoclusters inside the micelles [106]. Previous
TEM work on similarly prepared samples [105, 106, 246, 247] revealed the existence of small
cluster domains within each polymeric cage.
After in-situ annealing, Fig. 4.6 (ii, iv, vi), only one doublet at a BE of 84.5 ± 0.3 eV
is observed for samples #2, #6, #1. This result indicates the complete reduction of Au3+
complexes to Au0 . As previously reported, the measured BEs are slightly larger than the ones
corresponding to bulk Au0 (vertical solid lines at 84 and 87.7 eV) [246]. Such positive BE
shifts are attributed to changes in the electronic structure of small clusters with decreasing
size (initial state effects) [267, 401], as well as to positive charge left on the NP surface
during the photoemission process (final state effects) [246, 268]. This effect is illustrated in
Fig. 4.7, where the Au0 -4f7/2 binding energies measured after annealing have been displayed
as a function of cluster height. The largest shift, +0.8 eV, was observed for the smallest
NPs investigated, sample #6, Fig. 4.6(ii). This result is in agreement with our AFM data
(1.9 ± 0.5 nm cluster height). A BE close to bulk Au was measured for sample #1 [Fig.
4.6(vi)] for which the cluster height determined by AFM was 6.1 ±1.0 nm. The results above
were also reproduced by Rodriguez et al. [271].
Special attention has been dedicated to monitor any residual Chlorine signal using XPS,
since Cl/Au molar ratios as low as 0.0006 were found to have a poisonous effect in CO
oxidation reactions [276–278]. No detectable amounts of either N-1s (399.3 eV) [279] or Cl2s (270.0 eV) [108] from the P2VP [-CH2 CH(C5 H4 N)-]n and HAuCl4 salt, respectively, were
measured by XPS after annealing.
Figure 4.8(a) displays XPS Ti-2p spectra from an Au-covered Ti(15nm)/Si(111) substrate
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Figure 4.8: XPS spectra of (a) Ti-2p and (b) C-1s core levels measured from sample #4
before (curve i) and after (curve ii) annealing in UHV (773 K / 0.5 h).

(sample #4) before and after in-situ annealing. XPS peaks characteristic of Ti0 (454.2 eV
and 460 eV) and Ti4+ in TiO2 (459 eV and 464.7 eV) were observed before annealing [Fig.
4.8(a)-(i)], in agreement with previous literature reports [280]. After annealing at 773 K, a
significant BE shift attributed to the formation of TiC (454.5 eV and 460.5 eV) was observed
[Fig. 4.8(a)-(ii)]. The peak position measured for carbon after annealing, Fig. 4.8(b)(ii), is
also in agreement with C-1s in TiC (281.8 eV) [281, 282]. This result provides evidence for a
temperature driven reaction between Ti and C (either adventitious carbon from the ex-situ
TiO2 substrate synthesis or rest of polymer that did not remain on the cluster surface).
Further quantitative analysis integrating the Ti-2p and C-1s peaks indicate that the TiC
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thin film has 1:1 titanium to carbon surface stoichiometry. According to that, all annealed
Au samples investigated in this article are supported on carbon passivated titanium films.
The XPS results indicate a stronger interaction of C with Ti than with Au, and the
formation of Au carbide is excluded in agreement with previous reports [283, 284]. The
same amount of residual carbon was observed in all samples after the different annealing
treatments. The relative carbon concentration after/before annealing is calculated to be less
than 10%. This signal intensity was also comparable to the one measured on a Au and
polymer free TiO2 /Ti(15nm)/Si(111) substrate after annealing in UHV in the presence of
adventitious carbon.
Following the work by Goodman’s group [213] where non-metallic properties were observed on Au NPs deposited on TiO2 , we undertook a similar study, but using as substrate
a semi-metal (TiC) instead of a semiconductor (TiO2 ). By doing so, we were able to separate the possible semiconducting behavior from small Au NPs from that of their support.
Current-voltage (I − V ) measurements on individual Au NPs and ultrathin TiC films were
performed in the STM-STS mode using an etched W tip which was systematically cleaned
by Ar+ sputtering before each acquisition. The I − V curves displayed in Fig. 4.9(a) where
measured in the center of the Au NPs shown in the inset of Fig. 4.3 (top-right corner) and
on a clean TiC film obtained after in-situ annealing a TiO2 /Ti(15nm)/Si(111) substrate
prepared in a different chamber and coated with adventitious carbon (from the transport in
air between UHV chambers).
The TiC substrate, Fig. 4.9(a) (full circles), shows a surface bandgap of only 0.40 ± 0.05
eV, which is significantly lower than the 3.2 eV obtained for a pure anatase TiO2 substrate
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Figure 4.9: (a) STS current-voltage curves from micelle-encapsulated Au NPs supported
on TiC taken at room temperature after polymer removal by annealing in UHV at 773 K.
All curves were measured in the center of the respective NPs. (b) Measured bandgaps as
a function of the nanoparticle height. Data obtained in collaboration with Dr. Ahmed
Naitabdi (UCF) [248].

[303]. Since the oxygen 2p states populate mainly the valence-band maximum (VBM) and
shift the Fermi level towards the conduction-band minimum (CBM) [304–307], the effect of
annealing TiO2 is to bring more Ti states to the VBM, where the O-2p levels are displaced.
The Fermi level is shifted closer to these states, which then contribute more to the tunneling
current. The surface-bandgap between the Fermi-level and these states is decreased, which
explains the reduced value measured for the TiC substrate.
According to the NP height, the set of I-V curves obtained from five different samples
could be divided into two groups: samples #1, #3 with heights of 5.2 nm and 4.0 nm, respectively, and samples #5, #6, #7, with heights in the range of 1.3 − 2.1 nm, (see Table 4.1).
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The I-V curves of samples from the first group are characterized by high tunneling currents
and the conventional metallic behaviour expected for bulk Au. However, a suppression of the
tunneling current around zero bias (bandgap) was observed in the I − V spectra of samples
from the second size group (height < 2 nm). Figure 4.9(a) demonstrates the transition from
metallic to non-metallic behaviour with decreasing NP size. The largest bandgaps (0.3 and
0.6 eV) were measured for the smallest NPs (samples #6 and #7, respectively). This result
is in agreement with a previous work conducted by Valden et al. [213] on UHV evaporated
Au NPs supported on TiO2 (110). In analogy to that group, we attribute this behaviour to
size-dependent quantum size effects.
The influence of the substrate on the electronic structure of the supported Au NPs
becomes more evident in the normalized conductance characteristics obtained from I − V
curves measured at the bottom of the NPs. Contrary to what is expected if quantum size
effects are exclusively considered, for the smallest NP height at the interface with the TiC
substrate, a reduced bandgap (0.5 eV), as compared to higher locations within this NP,
was measured. These states, together with electrons transferred from the top of the NP,
lead to the enhancement of the tunneling current and hence to the decrease of the bandgap
measured.
Figure 4.9(b) compiles bandgap data obtained from STS measurements on size-selected
Au NPs supported on ultrathin TiC films. For Au NPs with heights below 2.1 nm, the
monotonic increase of the bandgap with decreasing NP height is evident. However, as the
size is reduced below h ∼ 1.3 nm, a change in the slope (smaller bandgaps) can be observed.
This effect can be attributed to the contribution of states from the substrate.
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These data demonstrate that a combination of quantum size effects, electron spillover
from the top of the NP to its lower boundaries, and NP-support interactions might be
responsible for the unusual electronic properties of small Au NPs.

Chemical reactivity (TPD)
TiC Support.

The catalytic activity of TiC thin films for CO oxidation was characterized using TPD.
Figure 4.10 shows CO2 desorption signals measured on TiO2 /Ti(15 nm) substrates coated
with Au-free polymeric solutions. These samples were subsequently annealed in UHV to
773 K for 30 minutes. TPD graphs corresponding to TiO2 /Ti(15nm) substrates coated with
PS(81000)-b-P2VP(14200) (same polymer used during the synthesis of samples #4, #3,
#2) and PS(8200)-b-P2VP(8300) (used in the synthesis of sample #6), are displayed in Fig.
4.10(a,b), respectively. Upon exposing the samples to 0.6 L of CO and 0.3 L of O2 , two
desorption features named σ1 and σ2 states were observed. TPD peaks at 143 K and 410 K,
were measured for PS(81000)-b-P2VP(14200), Fig. 4.10(a) (open circles). Similar desorption
temperatures (145 K and 470 K) were also measured for the PS(8200)-b-P2VP(8300)-coated
TiO2 /Ti(15 nm) sample. From the integration of the CO2 desorption graphs, a probability
for CO to CO2 conversion (PCO2 /CO [σ1 + σ2 ]) [287] of approximately 0.02 was found for both
samples. If only the low temperature desorption feature (σ1 state) is taken into consideration,
a 0.001 conversion was obtained. Thus, our data show that the polycrystalline TiC films
formed on these samples upon UHV annealing are poor catalysts for low temperature CO
oxidation. No CO2 desorption peaks were observed for either sample before gas dosing, Fig.
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Figure 4.10: CO2 TPD spectra from a TiC substrate synthesized by dip-coating a TiO2 /Ti(15
nm) thin film with (a) PS(81000)-b-P2VP(14200) and (b) PS(8200)-b-P2VP(8300) polymers
followed by annealing in UHV at 773 K for 30 minutes. The CO2 TPD signals were measured
before gas exposure (•) and after sample dosing at ∼95 K first with 0.6 L of CO and
subsequently with 0.3 L of O2 (◦). A linear heating ramp with β = 5 K/s was used.

4.10 (solid circles).

Au-NPs/TiC.

Figure 4.11 displays CO2 desorption spectra obtained during the low-temperature oxidation of CO over size-selected Au NPs supported on TiC. The data in Fig. 4.11(a) correspond
to samples with identical interparticle distance but different size (samples #4, #3 and #2)
synthesized using PS(81000)-P2VP(14200) micelles with different metal/polymer concentra107

tion ratios. In Fig. 4.11(b), desorption data from samples containing NPs with two distinct
average size and interparticle distance distributions synthesized using two different encapsulating polymers [sample #6, PS(8200)-P2VP(8300) and sample #1 PS(53000)-P2VP(43800)]
are shown.
Figure 4.11(a) shows a clear size-dependence of the low temperature catalytic oxidation
of CO on Au-NP/TiC. The smallest NPs investigated (sample #4) show two CO2 desorption states (named γ and π in the following text) at temperatures of 115 K and 150 K,
respectively. With increasing NP size (samples #3, #2), a shift towards higher CO2 desorption temperatures is observed, and both samples show γ and π states at 138 K and 193 K,
respectively.
In agreement with previous studies on supported Au NPs [207, 219, 291], we assign the
first desorption feature, γ, to CO adsorption and oxidation on the surface of the Au NPs
(most likely at low coordinated kinks and steps atoms). Since no significant change in the
width of the NP size distributions is observed by comparing sample #4 with #3 and #2, the
broadening of the desorption peaks observed for samples #3 and #2 may be attributed to the
distinct NP-faceting measured by TEM for different cluster sizes. Previous experimental and
theoretical works show an enhanced chemical activity for stepped Au(211) [219] and Au(332)
[292] surfaces as compared to smooth Au(111) surfaces. DFT Calculations by Mills et al.
[223] demonstrated that the roughness of the surface, i.e., the presence of low coordinated
atoms, is important for the dissociation of O2 . Additional DFT studies by Mavrikakis et al.
[219, 293] correlated the enhanced chemical activity of small Au NPs to the high density of
step-sites as well as to size-dependent surface-strain.
108

(a)

CO2 partial pressure (arb. units)

π

Sample #2

Sample #3

Sample #4
PS(81000)-b-P2VP(14200)
100

150

200

250

300

(b)

γ

CO2 partial pressure (arb. units)

γ

π

Sample #1

Sample #6
PS(8200)-b-P2VP(8300)
100

150

200

250

300

Temperature (K)

Temperature (K)

Figure 4.11: CO2 TPD spectra from samples #1 to #5 (see Table 4.1 for details) and
the corresponding TiC substrates prepared by annealing two TiO2 /Ti(15 nm) films coated
with Au-free PS(81000)-P2VP(14200) (a) and PS(8200)-P2VP(8300) (b) at 773 K. The
samples were dosed with 0.6 L of CO and 0.3 L of O2 at ∼95 K, and a linear heating
ramp of β = 5 K/sec was used. The residual gas background obtained for each sample from
desorption spectra measured before sample exposure to the CO + O2 mixture was subtracted.
TPD spectra from samples with different average size distributions but identical interparticle
distances (a) and both, distinct size and interparticle distance (b) are shown. The area under
the peak is highlighted indicating the integration region taken in the subsequent quantitative
activity analysis (see text and Fig. 4.12).

The second state, π, is attributed to CO oxidation occurring at the perimeter of the Au
NPs; i.e., at the interface between the Au NP and the TiC substrate. Earlier theoretical
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investigations on Au NPs supported on TiO2 (110) [294] and MgO(100) [295] revealed that
special active sites favorable for CO oxidation are available at the NP/metal-oxide support
interface. Liu’s work [294] indicated that the role of the metal oxide support is to promote
the transfer of charge from Au to O2 by lowering the 2π energy level of the molecule. Interestingly, no direct charge transfer from the substrate to the molecule was observed. Ionic-like
bonding is reported by the authors representing a highly activated O2 adsorption state for
subsequent CO oxidation. Rodriguez’s group has studied the electronic and chemical properties of the Au/TiC system using synchrotron based photoemission techniques combined
with DFT calculations [271–274]. In recent publications, enhanced catalytic activity for
the dissociation of SO2 was reported on Au/TiC(001) as compared to Au/MgO(100) and
Au/TiO2 (110) [269, 270, 272]. DFT calculations revealed a charge redistribution in the carbide substrate when Au4 to Au29 clusters were adsorbed, with charge polarization around
interfacial Au atoms. This electronic properties are believed to facilitate the bonding of
electron-acceptor molecules (SO2 , CO, O2 , ...) and the further dissociation of SO2 or oxidation of CO [271, 272].
Figure 4.11(b) shows TPD spectra from Au NPs with different sizes (samples #6, #1)
that were synthesized using PS(8200)-P2VP(8300) and PS(53000)-P2VP(43800) (see Table
4.1 for details). These polymers have shorter tail-lengths than the polymer employed in the
preparation of the samples shown in Fig. 4.11(a), and therefore, the interparticle distance is
now smaller.
The TPD spectrum from sample #6 (average height 2.1 ± 0.4 nm) shows a state at
118 K (γ) and a shoulder at 146 K (π state). The AFM images from this sample (not
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shown) indicate that most of the surface of the TiC support is covered with Au NPs, with
an interparticle distance of about 27 nm. The TPD spectrum from our largest NPs (height
= 6.1 ± 1.0 nm), sample #1, also shows similar desorption features at 113 K and 146 K.
respectively. At first glance, this result seems to contradict our previous observation, Fig.
4.11(a), where higher desorption temperatures were obtained for larger NP sizes. However,
the inconsistency disappears if one considers the changes in size that these NPs experienced
upon gas exposure [see sample #1 in Fig. 4.1(c) for details]. Our AFM images revealed
that reactive coarsening (Ostwald ripening) occurs for the samples with large NPs where the
interparticle distance is small (samples #6, #1), while the size and substrate arrangement of
the more widely spaced and smaller NPs (samples #4, #3, #2) did not seem to be affected.
Our data appear to indicate that large NPs are more prone to become mobile on this type of
supports due to a weaker-support interaction [274]. This is not a temperature-driven effect,
since the same samples were previously annealed to a higher temperature (773 K) than our
maximum TPD temperature (500 K) and no agglomeration was observed by AFM [Fig.
4.1(b), sample #1]. Our results provide evidence for interparticle interaction in the presence
of CO + O2 . For sample #1, Fig. 4.2(b), after the reaction, bimodal size distributions with
smaller (∼2.2 nm) and larger (∼8.3 nm) NP sizes than the analogous non-exposed sample
(∼6.1 nm) were obtained. Similar behavior was observed for sample #6 (not shown) with
a bimodal size distribution of ∼1.5 nm and ∼3.2 nm after gas exposure. In both cases,
only the small clusters formed (∼2.2 nm for sample #1) are considered to contribute to the
production of CO2 . Our results are broadly consistent with a previous investigation by Lai
et al. showing Ostwald ripening when Au NPs supported on TiO2 were exposed to CO +
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Figure 4.12: Normalized catalytic activity of Au NPs for low temperature CO oxidation
displayed as a function of the average NP height. The total Au surface area has been used
in the normalization. The NP shape has been obtained by using a half-ellipsoid model with
average height and diameter obtained by AFM (triangles) and STM (circles). The numbers
(#1 ∼ #5) displayed near each data point indicate the sample investigated (see Table 4.1
for details).

O2 mixtures (2:1, 10 Torr of CO) at RT for 2 hours [244].
For the quantitative comparative analysis of the TPD spectra measured on different samples, special care was taken to monitor and keep constant the level of residual water during
the different experiments. Date et al. [296] reported that ∼0.1 ppm of H2 O enhances the
catalytic activity at RT more than one order of magnitude. However, a higher concentration
of moisture, 6000 ppm, reduced the reaction rate. As pointed out by Kung et al. [297], this
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factor might be responsible for the discrepancies in the CO oxidation activities observed by
various research groups. Figure 4.12 shows the activity for CO2 production obtained from
TPD spectra shown in Fig. 4.11. The activity was quantified by integrating the CO2 desorption peaks and normalizing by the total Au surface area (assuming oblate half-ellipsoidal
NP shape). An initial TPD run where the samples were annealed without previous gas
exposure was used for background subtraction purposes. Our AFM images confirmed that
the first TPD run before gas exposure did not change the morphology of our samples, since
annealing temperatures lower than the ones used for the in-situ polymer removal were always
used. Different normalized activity values are obtained when comparing particle dimensions
obtained by AFM and STM due to tip-sample convolution effects in AFM that lead to an
overestimation of the particle’s lateral dimensions and therefore of the total Au surface area.
In agreement to previous observations [220, 244, 246, 247, 298, 299], our results show a
size-dependence in the catalytic activity of Au NPs for low temperature CO oxidation, with
the smallest NPs considered displaying the highest activities. It is important to point out
that the diameter of the smallest NPs investigated here (∼7.8 nm by STM, although tip
effects in STM will also contribute to this apparent large cluster diameter) is significantly
larger than the sizes investigated by Goodman and Haruta’s groups (∼3.5 nm). Previous
experiments conducted by Chou et al. [300] at atmospheric pressure (mass flow reactor)
on similarly prepared 8 nm-large Au NPs supported on nanocrystalline TiO2 powder also
showed a significant activity for CO oxidation. We attribute the enhanced catalytic activity
of our relatively large pancake-shaped NPs to the large NP/support contact area [5]. This
is in agreement with a report by Pietron et al. [301] that ascribed the high activity of
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relatively large (6 nm) Au NPs in Au-TiO2 composite aerogels to the large NP-support
contact area obtained using this synthesis route [301]. However, a recent experimental work
conducted in Goodman’s group suggested that it is not the Au-support interface but rather
the Au morphology that is the critical parameter responsible for the high catalytic activity
observed for CO oxidation. In particular, their experiments demonstrated that a monolayer
structure, in direct contact with the TiOx substrate, was more than an order of magnitude
less active than a similarly prepared bi-layer structure [218, 222]. A theoretical work from
Norskov’s group predicted that such an Au-only reaction is energetically competitive with
other pathways involving the metal oxide or in our case carbide support [302].
Our studies clearly show a size-dependence in the reactivity of size-selected micellar Au
NPs, with the smallest NPs displaying the highest activities. Further work will be required
in order to get insight on whether it is the particle-substrate contact area or just the particle
size, in particular their height, the main parameter that should be tuned in order to obtain
increased reactivities.

4.4

Conclusions

Size-selected Au NPs synthesized by diblock copolymer encapsulation and supported
on ultrathin TiC films were used as model system to in-situ investigate the size-reactivity
relationship. Our XPS data show a monotonic increase of the Au binding energy with
decreasing NP size, with a maximum shift of +0.8 eV for the ∼2 nm-high particles. In
addition, the opening of a bandgap with decreasing NP size was observed by STS on these
clusters, and evidence for cluster-support electronic interaction evidenced by a decrease of
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the bandgap on Au NP region close to the semi-metallic TiC substrate. This result correlates
with the enhanced catalytic activity for low temperature CO oxidation measured by TPD
for the smallest NPs. Two different desorption sites were identified and attributed to CO2
production at steps/kinks in the Au surface as well as the Au-TiC interface.
AFM images acquired before and after the chemical reaction (TPD) showed that even in
the presence of low gas dosings, the Au NPs undergo morphological/structural changes that
have a significant impact on their catalytic performance. It must be noted that those changes
were not observed when the nanocatalysts underwent annealing alone in UHV to similar
temperatures. In addition, our experimental results show that interparticle interactions
may affect the lifetime of the catalysts. Widely spaced NPs (∼80 nm interparticle distance)
showed no deactivation after several TPD cycles. However, more densely distributed particles
(∼30 nm) experienced Ostwald ripening and a fast deactivation profile. A more detailed
investigation of this aspect is presented in the next chapter.
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CHAPTER FIVE: EFFECT OF INTERPARTICLE DISTANCE
ON CATALYTIC REACTIVITY.
SYSTEM: Au/TiC.
REACTION: CO OXIDATION.
−L.K. Ono and B. Roldán Cuenya, Catal. Lett. 113 (2007) 86-94.
5.1

Introduction

Considerable effort has been dedicated to the systematic investigation of the influence
of the NP preparation method [105, 106, 201, 316–322], size [207, 298], shape [207], and
NP-metal oxide support interaction [207, 323] on catalytic performance. Nevertheless, in
order to get more in-depth knowledge of possible deactivation mechanisms in nanocatalysis
[324–326], special attention need to be devoted to the investigation of the dynamic character
of a catalyst’s surface under “real-world” reaction conditions [187, 327]. In order to achieve
this goal, well defined material systems are needed [244, 328–339].
In-situ scanning tunneling microscopy (STM) studies conducted in Goodman’s group
[244] revealed modifications in the size and substrate distribution of Au and silver NPs evaporated on TiO2 (110) upon exposure to CO/O2 (2:1) and O2 at high pressure (13.33 mbar)
and RT. Because both gas dosing experiments resulted in Ostwald ripening and a comparable bimodal size distribution, the coarsening was attributed to Au−Au bond weakening
induced by O2 . It has been suggested that oxygen vacancies in the oxide support could
play an important role in the reactivity of Au NPs by facilitating the adsorption of molecular oxygen, thus promoting sintering [328]. Freund’s group [330] also identified structural
transformations when Au NPs evaporated on FeO(111) films were exposed to CO/O2 and
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CO environments at elevated pressures (2 mbar). The authors concluded that CO exposure
leads to the formation of mobile Au species by weakening the cluster-support bond.
Work from Somorjai’s group [329, 331] demonstrated that neither the size, nor the interparticle distance of Pt NPs (28−50 nm in diameter) produced by e-beam lithography
on SiO2 and Al2 O3 substrates were altered after the ethylene hydrogenation reaction. In
addition, drastic cleaning procedures involving annealing at 573 K in NO2 (1 × 10−6 Torr)
atmosphere and subsequent CO exposure (1 × 10−7 Torr) did not modify their morphology
and substrate distribution [329, 331]. However, larger Pt NPs (750 nm diameter) similarly
prepared by Johansson et al. [332] showed disintegration upon exposure to H2 /O2 mixtures
diluted in argon at 748 K. Laurin et al. [334] also detected the formation of a ring of small
NPs around large (500 nm) Pd clusters supported on SiO2 upon exposure to O2 (∼ 4 × 10−4
mbar) at 650 K and subsequent oxygen removal by CO.
Our work intends to provide insight into whether the catalytic activity and stability of
similarly-sized NPs can be affected by interactions between the NPs. Specifically, interactions that can be tuned by modifying the distance between the particles are here considered.
In this study, we applied the method of micelle encapsulation in PS-P2VP diblock copolymers (see synthesis description in Chapter 2) to the synthesis of hexagonally-ordered Au NP
arrays [105, 106]. Using this method, in addition to excellent narrow size distributions, an
outstanding control over the interparticle distance can be achieved by tuning the length of
the polymer tail (PS). Due to the ordered cluster arrangement obtained, cluster mobility and
chemically-induced coarsening processes can be effectively monitored. Samples containing
Au NPs with the same average height (and similar diameter) but different interparticle dis117

tances were synthesized and deposited on ultrathin TiC films. Our temperature programmed
desorption (TPD) results provide information on the influence of interparticle interactions on
the catalytic activity of size-selected Au NPs for low temperature CO oxidation. Insight into
the influence of the cluster support on the morphological and reactivity changes observed is
also reported by comparing TiC and TiO2 substrates.

5.2

Experimental

A total of six different samples (four are shown here) containing NPs with similar size
(∼2nm) but two distinct interparticle distances were prepared using inverse micelle encapsulation. Two pairs of samples (with interparticle distances of ∼30 nm and ∼80 nm) were
deposited on TiC, a third pair on TiO2 . The synthesis parameters (molecular weights of the
diblock copolymers used, relative metal to polymer core concentration ratios and annealing
temperature) as well as the particle dimensions (height, diameter and interparticle distance)
measured by AFM and STM are summarized in Table 5.1. As was mentioned in the previous
chapter, the difference between the NP diameters measured by AFM and STM is attributed
to the strong tip-convolution effects present in the AFM images. In this work, the average
NP height measured by AFM (and corroborated by STM) is used as the characteristic size
of the NPs. The encapsulating polymer was removed in-situ by annealing in UHV at 773 K
for 30 min. The samples were deposited on ultrathin TiC and TiO2 films. The characterization of the sample morphology before and after polymer removal, as well as after TPD, was
performed ex-situ by AFM in tapping-mode. The TPD spectra were acquired using a linear
heating ramp of β = 5 K/s.
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5.3

Results and discussion (AFM, XPS, TPD)

Structural Characterization (AFM)
Figure 5.1 displays AFM images from samples #1 (left column) and #2 (right column)
before (a),(b) and after (c),(d) in-situ polymer removal. In both samples, the Au NPs were
deposited on TiC films. Changes in the morphology of these samples after dosing with CO
(0.6 L)/O2 (0.3 L) at low temperature (∼95 K) and after five (sample #1) and seventeen
(sample #2) subsequent TPD cycles are shown in Fig. 5.1(e),(f), respectively. The AFM
height and interparticle distance histograms obtained from the analysis of the images in Fig.
5.1(c),(d) (Au NPs after polymer removal) are displayed in Fig. 5.2.
After TPD, sample #1 shows reactive Ostwald ripening [Fig. 5.1(e)], while neither the
size nor the spatial distribution in sample #2 are significantly modified. The observed
sintering cannot be exclusively attributed to thermal effects due to the reduced melting
temperature [343–347] of our small NPs (∼600 K for 2 nm-large particles [348]), since the
maximum TPD temperature (500 K) was below the annealing temperature used for polymer
removal (773 K), where no agglomeration was observed, Fig. 5.1(c). Similar results were
obtained in Goodman’s group when UHV-evaporated Au NPs deposited on TiO2 (110) were
exposed to high pressure CO/O2 mixtures [244].
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Table 5.1: Synthesis parameters and average height, diameter and interparticle distance of Au NPs supported on ultrathin
TiC and TiO2 films. The AFM and STM measurements were taken after polymer removal by in-situ annealing.

Sample

Substrate

PS/P2VP

HAuCl4 /P2VP

Sample

molecular

ratio

ment

treat-

Particle height (nm)

Particle diameter (nm)

Interparticle
distance (nm)

120

weight (g/mol)
AFM

STM

AFM

STM

AFM

#1

TiC

8200/8300

0.1

773K(0.5h)

2.1 ± 0.4

1.9 ± 0.1

14 ± 3

7.8 ± 0.2

27 ± 6

#2

TiC

81000/14200

0.2

773K(0.5h)

1.9 ± 0.5

2.8 ± 0.2

18 ± 3

10.5 ± 0.5

78 ± 12

#3

TiO2

8200/8300

0.1

O2 plasma(1h)

1.5 ± 0.4

-

16 ± 3

-

25 ± 5

3.2 ± 0.8

-

30 ± 5

-

52 ± 8

400K(5min)
#4

TiO2

81000/14200

0.2

O2 plasma(1h)
400K(5min)

In previous studies, sintering was observed when the NPs were exposed to high pressure
gas mixtures at 300−450 K. However, our data demonstrate that similar drastic morphological changes can be obtained by dosing small Au-NP/TiC samples at low temperature (95
K) with a low pressure mixture of CO/O2 (0.6 L/0.3 L, 10−8 mbar background pressure) and
subsequent TPD annealing (β = 5 K/s) to 500 K. The morphological changes observed for
sample #1 might be related to the high sticking probability of CO [288] upon low temperature dosing. Interestingly, sample #2 which contains similarly sized NPs but with larger
interparticle distances (∼80 nm versus ∼30 nm for sample #1), did not show any sintering
under the same TPD conditions.
The reproducibility of the effect of CO oxidation TPD results on the NP morphology
was tested on two additional samples prepared under identical conditions to samples #1
and #2 (same encapsulating polymers and metal salt/polymer core concentration ratio) and
deposited on TiC. Here, in agreement with our previous observations, catalytic deactivation
and coalescence was only observed in the sample where the interparticle distance was ∼30
nm.
In order to rule out gas-induced changes in the substrate’s chemical composition, morphology, and electronic structure as being responsible for the distinct coarsening behavior
observed, additional CO oxidation experiments were conducted on two new samples (#3,
#4), containing Au NPs supported on ultrathin TiO2 films. The NPs had similar sizes and
interparticle distances as the ones described above (samples #1, #2, respectively), but the
encapsulating polymer was removed by an in-situ O2 plasma treatment instead of high temperature annealing (773 K, see Table 5.1 for details). This treatment led to the oxidation of
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Figure 5.1: Tapping mode AFM images of size-selected Au NPs supported on ultrathin TiC
films. The images from sample #1 (left column) and #2 (right column) were obtained after
dip-coating (a),(b), annealing in UHV at 773 for 30 min, (c),(d), and after five and seventeen
(CO/O2 ) TPD cycles (e),(f), respectively. The height scales are (a) z = 0∼15 nm, (b) z =
0∼10 nm, (c) z = 0∼13nm, (d) z = 0∼30 nm, (e) z = 0∼9 nm, (f) z = 0∼10 nm.
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Figure 5.2: Height distribution (a),(b) and interparticle distance (c),(d) of samples #1 (left
column) and #2 (right column) obtained from AFM images taken after polymer removal.
The histograms are approximated by Gaussian distributions (solid curves).

the polycrystalline Ti(15 nm)/Si(111) films used as substrate. The Au3+ compounds formed
during the O2 plasma treatment were decomposed by annealing at 400 K. Figure 5.3 shows
AFM images taken on these samples after the O2 -plasma exposure [Fig. 5.3 (a),(b)], and
after subsequent CO oxidation [Fig. 5.3 (c),(d)]. In analogy to our observations on the
TiC-supported Au NPs, CO/O2 -induced cluster mobility and subsequent sintering was only
detected in the Au/TiO2 sample with the smallest interparticle distance, Fig. 5.3(c). These
results indicate that it is not the substrate, but rather the interparticle interactions, tun-
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Figure 5.3: Tapping mode AFM images of size-selected Au NPs supported on ultrathin
polycrystalline TiO2 films. The images from sample #3 (left column) and #4 (right column)
were obtained after O2 plasma-exposure (90 W, 60 min) and subsequent annealing to 400
K (a),(b). Micrographs (c),(d) were acquired after five successive CO (0.6 L) + O2 (0.3L)
TPD cycles. The height scales are (a) z = 0−8 nm, (b) z = 0−15 nm, (c) z = 0−6 nm, and
(d) z = 0−20 nm.

able by changing the interparticle distance, that are the key factors influencing the distinct
coarsening behavior of both samples.
To understand the observed behavior, two features need to be explained. First, sintering
was detected after CO/O2 TPD experiments for samples with small interparticle spacing at
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temperatures well below 500 K. Since no sintering was observed after a previous cleaning
step at a higher temperature (773 K), we conclude that the sintering is a chemically activated
effect. Second, any proposed theory should account for the very different behavior observed
for samples with identical particle size but different interparticle spacing.
The chemically activated coarsening observed could be due to Au-Au bond weakening
upon CO interaction with subsequent diffusion of isolated Au atoms, or to the displacement
of entire NPs along the substrate’s surface upon a chemically induced debilitation of the
cluster-support bond.
Different models have been proposed in the past to explain the mobility of small (<20
atoms) and large (102 to 103 atoms, i.e. our case) 2D and 3D NPs. For small NPs, shortrange motion of single atoms from the periphery followed by cluster regrouping around the
departed atoms is believed to be the dominant diffusion mechanism [349, 350]. Kellogg [351]
also suggested that substrate surface atoms can play an active role in diffusion processes when
it becomes energetically favorable for adatoms to displace substrate atoms from their lattice
positions. For large 2D clusters supported on metallic substrates, a mechanism involving
evaporation and condensation with a dynamic quasi-equilibrium of atoms leaving the cluster
and reattaching to cluster edges has been suggested [352]. For Ag clusters supported on
Ag(001), Wen et al. [352] measured displacements as large as 10 nm over a period of several
hours at room temperature.
Based on the data shown in Fig. 5.1(e), it appears that the sintering in sample #1
(interparticle spacing ∼30 nm) involved significant mass transport over distances in excess
of ten nanometers. This makes unlikely that CO/O2 -induced adatom mobility could account
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for the observed migration. The gases only interact with Au atoms at the NP’s surface and
perimeter sites, and those account for approximately 22% of the total number of atoms
present in a particle of our size (∼5361 in a 1.9 nm height and 7.8 nm diameter cluster)
and shape (pancake-like). Furthermore, since significant bond weakening effects have been
predicted upon CO exposure only for atoms at steps and kinks (∼4.5% of the total Au
atoms in clusters of our dimensions) [353], the formation of the large agglomerates observed
here based on a model involving atom-by-atom diffusivity is unlikely. According to our
experimental data, the option involving the movement of entire clusters upon detachment
from the support seems to be the most plausible. Although our clusters are relatively large,
and cluster mobility in general decreases with increasing cluster size, exceptions have been
found [349, 354, 355]. In those cases, adding an extra atom to the cluster can strengthen the
bonds inside the cluster in detriment of the cluster-substrate bonds.
A second observation that needs to be explained is the absence of sintering in the sample
with large interparticle spacing (∼80 nm, sample #2). Since the average NP size in both
samples was similar, the observed sintering cannot be explained by a ripening model that
only considers the NP’s size. Because sample #1 appears to have undergone significant
mass transport over distances in excess of 10 nm after five TPD cycles, it could be expected
that seventeen successive TPD cycles on a sample with 80 nm interparticle spacing (sample
#2) would provide sufficient total displacement to result in agglomeration. However, no
agglomeration was observed, showing that the longer required diffusion length alone does
not explain the observations. These considerations lead us to conclude that the catalytic
action in these samples is accompanied by significant interparticle interaction. Possible
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interactions include (a) a dynamic equilibrium with adatoms on the surface, where the
concentration gradients are affected by the interparticle spacing, (b) having highly mobile
and interacting CO molecules and chains actively involved in the transport of low coordinated
Au atoms [356], (c) electrostatic interactions due to charge on the NPs, and (d) extended
strain fields induced by lattice mismatch at the NP-substrate interface [357–360]. Based on
the arguments given above, adatom mediated interactions are not expected to be sufficient
to explain these observations. Further microscopic and theoretical studies are required to
identify the mechanism of the coarsening demonstrated here for 2-nm large NPs and its
dependence on the interparticle distance.

Electronic and chemical characterization (XPS)
The changes in the electronic and chemical composition of the NPs and TiC support after
UHV annealing and after CO oxidation were monitored by XPS. Figure 5.4(a) shows Au-4f
core-level spectra of sample #1 as deposited (open circles), after annealing (solid line), and
after TPD (dotted line). The XPS peaks at 86.2 eV and 89.9 eV measured before annealing
were assigned to Au3+ (4f orbital) in AuCl−
4 [108]. After annealing in UHV, a doublet at
binding energies (BE) of 84.8 eV and 88.5 eV was observed, indicating the complete reduction
of the Au3+ complexes to Au0 . The measured BEs are +0.8 eV larger than what is expected
for bulk Au (84.0 eV for Au-4f7/2 ). Such positive BE shifts are typical of small NPs and are
commonly attributed to changes in the electronic structure of clusters with decreasing size
(initial and final state effects) [246, 268, 401]. No change in the intensity of the Au signal was
obtained after CO oxidation, indicating that Au has not been lost during the reaction. The
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Figure 5.4: XPS (Al-Kα = 1486.6 eV) core-level spectra (Au-4f, C-1s, Ti-2p) of sample #1
(a) and (b),(c) (bottom), and a Au-free TiO2 /Ti(15nm)/Si(111) substrate (b),(c) (top). For
both samples the XPS measurements were conducted at RT before (open circles), and after
annealing to 773 K (solid line). The vertical lines indicate the BEs of Au0 and Au3+ in
AuCl−
4 compound (a), adventitious C, C in TiC, and C in PS-P2VP (b), and metallic Ti,
Ti4+ in TiO2 and TiC (c).

small shift to lower BEs can be attributed to an increase in the NP size (reactive coarsening),
in agreement with the AFM image in Fig. 5.1(e).
Figure 5.4(b) shows C-1s XPS spectra from the TiO2 /Ti(15nm) substrate (top) and
sample #1 (bottom) before and after annealing. The “as-transferred” substrate shows an
adventitious carbon peak at about 285.3 eV (open circles). The intensity of this XPS feature
decreases significantly after annealing (solid line) and a new peak appears at 281.8 eV, which
is attributed to C-1s in TiC [282]. Before annealing, sample #1 shows a large peak at 285.6
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eV, a BE close to a previously reported C-1s peak from P2VP (polymer head block) [279].
After annealing, the two peaks observed at 281.8 eV and 284.8 eV are attributed to the C-1s
in TiC and PS (polymer tail), respectively [279].
The oxidation state of the substrate before and after polymer removal by in-situ annealing
was also monitored by XPS. Figure 5.4(c) contains data from the Ti-2p core levels of sample
#1 (bottom) and the TiO2 /Ti(15nm) substrate (top). Before any treatment (open circles),
both samples show doublets corresponding to Ti0 -2p (454 eV and 460 eV) and Ti4+ -2p in
TiO2 (459 eV and 464.7 eV) [40]. The presence of metallic Ti peaks indicates that only the
top layers of the 15 nm-thick Ti film used as substrate were oxidized during air exposure.
Cross-sectional TEM data of these samples reveal the formation of a 6 nm-thick TiO2 film,
Fig. 4.5. After annealing at 773 K (solid lines), the BE shift observed is due to the formation
of TiC (454.5 eV and 460.5 eV) [361]. This result is in agreement with the BE measured for
the C-1s peak in Fig. 5.4(b) indicating the formation of TiC.
Our XPS results after the different sample treatments rule out sample contamination
such as Cl from the HAuCl4 salt or N from the pyridine group in the P2VP polymer block as
responsible for the dissimilar sintering behavior observed in our samples. Furthermore, no
residual carbon was found in the O2 -plasma treated samples, and a minimal residual C-signal
(comparable for the two samples with different interparticle distance) was measured for the
samples annealed in UHV, Fig. 5.4(b).
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Chemical reactivity for low temperature CO oxidation (TPD)
The reactivity of Au NPs for low temperature CO oxidation, and in particular the relationship between sample morphology (particle size and interparticle distance) and catalytic
activity, was investigated by TPD. Figure 5.5 shows CO2 TPD data from samples #1 (a)
and #2 (b) (∼30 nm and ∼80 nm interparticle distances, respectively). For cross-check
comparison TPD data from two Au-free TiC ultrathin films are also provided. These films
were prepared by dip-coating TiO2 /Ti(15 nm) substrates into Au-free polymeric solutions
PS(8200)-P2VP(8300) for sample #1 and PS(81000)-P2VP(14200) for sample #2. Both
samples were subsequently annealed in UHV at 773 K for 30 min.
The samples were dosed at ∼95 K, first with CO (0.6 L) and subsequently with O2 (0.3
L), and several successive TPD measurements with a linear heating ramp of β = 5 K/s were
carried out. In order to ensure that contamination coming from the sample-holder/sample
assembly is not the origin of the CO2 desorption signals observed, a “dry” TPD cycle (sample
annealing without gas dosing) was measured from 95 to 500 K. This TPD run provides our
background CO2 signal.
The TiC substrates were found to be poor catalysts for the oxidation of CO at low
temperature, Fig. 5.5(a),(b)(solid lines). Additionally, no significant CO2 desorption was
observed for samples #1 and #2 before gas dosing, Fig. 5.5(a),(b) (open circles). Upon
CO/O2 exposure, the first TPD spectrum of both samples, Fig. 5.5 (a),(b)(solid circles),
shows a distinct CO2 desorption peak at ∼120 K. Subsequent CO oxidation reactions on
sample #1, Fig. 5.5(a) [squares (3rd TPD cycle) and triangles (5th)] show deactivation and
a shift of the first CO2 production peak to a higher temperature (146 K). A second desorption
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Figure 5.5: CO2 TPD spectra of Au(2 nm)/TiC (a) sample #1 [Au(2 nm)/TiC], ∼30 nm
interparticle distance, and (b) sample #2 [Au(2 nm)/TiC], ∼80 nm interparticle distance,
measured in repeated cycles under the same dosing conditions CO(0.6 L) + O2 (0.3 L) at ∼95
K and heated with a linear ramp of β = 5 K/sec. A blank TPD spectrum (open circles) was
taken without the exposure of reactive gases for reference. Five cycles of CO oxidation were
run on sample #1 and the corresponding first (solid circles), third (squares), fifth (triangles)
TPD spectra are shown. On sample #2, seventeen cycles of CO oxidation were run, but
only three of them are shown: first (solid circles), tenth (triangles), and seventeenth (open
squares). The solid lines indicate the CO2 signal, after dosing with gases, from Au-free TiC
substrates synthesized by dip-coating the TiO2 /Ti(15nm) substrate with (a) PS(81000)b-P2VP(14200) and (b) PS(8200)-b-P2VP(8300) polymers followed by annealing in UHV.
They represent the polymers used for synthesizing the samples #1 and #2, respectively.
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feature at a temperature of ∼150 K is also observed for sample #2. Because our XPS data
reveal that Au has not been lost in the course of the reaction, the deactivation observed
is attributed to the reactive coarsening displayed in Fig. 5.1(e). Sample #2 did not show
any deactivation up to at least seventeen cycles of CO oxidation, Fig. 5.5(b) [solid circles
(1st), triangles (10th) and open squares (17th)], in accordance with the lack of agglomeration
measured after the reaction by AFM, Fig. 5.1(f).
As mentioned in the previous chapters, the first peak in the TPD spectra (∼120 K) is
assigned to CO adsorption and oxidation on kinks and step edges at the surface of the Au
NPs [215, 286, 291]. The second peak (∼150 K) is tentatively attributed to CO oxidation on
Au atoms at the NP-support interface [291]. For sample #2, where the two TPD features
were clearly separated, the relative contribution (area under the respective TPD peaks) of
the first (step-kinks) versus the second (interface) desorption peak is about 3:1. Interestingly,
this ratio is in agreement with the relative concentration of Au atoms at steps/kinks (343)
versus Au atoms at the perimeter (115), ∼3, of a model Au NP with a diameter of 10.5
nm (our STM value) and a height of 1.9 nm (AFM) containing a total of 9941 atoms. For
this calculation, a truncated Au NP with a flat (111) top terrace was considered. Freund’s
group previously demonstrated not just a size-dependency in the CO adsorption by Au NPs
supported on Al2 O3 , but also the existence of two different adsorption sites [215]. Similar
conclusions were drawn by Yoon et al. [291] based on a study of CO oxidation on Au8
clusters deposited on MgO(001), where CO2 desorption temperatures of 140 K and 280 K
were recorded. Here, the two desorption peaks observed were attributed to CO2 production
from Au clusters having O2 bound either to the top facet of the cluster (140 K), or to the
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perimeter of the cluster (280 K) [291]. However, Gottfried et al. [286] observed three distinct
desorption states for CO2 (ρ1 = 67 K, ρ2 = 105 K, and ρ3 = 175 K) on an O(1.3 ML)-covered
Au(110)-(1×2) crystal dosed with CO (1×10-6 mbar) at 28 K. According to this work, the
two states that we observe may also originate exclusively from the Au ensemble.
Apart from the deactivation behavior, another main difference between the TPD spectra
obtained for both samples is the width (FWHM) of the first TPD peak observed at ∼120 K.
Sample #1 displayed a broader FWHM (22 K) compared to sample #2 (9 K). Additionally,
an extra broad feature around 338 K is observed in the 1st to 3rd TPD spectra of sample
#1. However, this peak does not appear in the subsequent spectra of the same sample, or
on those of sample #2. For the last sample, whose structure/morphology has been proven
to be stable (static), no significant changes in the successive TPD spectra were observed.
Our work emphasizes the importance of considering dynamic modifications in the sample’s
morphology for the correct interpretation of TPD spectra from highly dispersed NPs.

5.4

Conclusions

The present work provides insight into the influence of interparticle and NP-support
interactions on catalysis using CO oxidation as a model reaction system. Our synergistic
TPD, AFM, and XPS investigations revealed that the catalytic activity of similarly-sized (∼2
nm) TiC-supported Au NPs depends on the interparticle distance. Furthermore, reactive
coarsening-mediated deactivation only occurs when the interparticle distance is small (∼30
nm). Interestingly, morphological changes have been observed in our NP samples upon low
pressure (∼ 10−8 mbar) gas dosing at 95 K. The results obtained in this study emphasize
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the importance of taking into account not just the NP size, but also their distribution on the
substrate surface in order to optimize activity and stability (lifetime) of the nanocatalysts.
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CHAPTER SIX: FORMATION, THERMAL STABILITY AND
REACTIVITY OF OXIDES ON METAL NANOPARTICLES.
SYSTEMS: Au/SiO2 , TiO2 .
Pt/SiO2 , TiO2 , ZrO2 .
−L.K. Ono and B. Roldán Cuenya, J. Phys. Chem. C 112 (2008) 4676-4686.
−L.K. Ono and B. Roldán Cuenya, J. Phys. Chem. C 112 (2008) 18543-18550.
6.1
6.1.1

Introduction

Au2 O3

The high value of the enthalpy of oxygen chemisorption by gold to form its oxide Au2 O3
(∆H = +19.3 kJ/mol) has been long considered a sign of its chemical inertness [365].
However, pioneering work by Haruta et al. has demonstrated that highly dispersed Au NPs
(< 10 nm) supported on TiO2 are considerably active for the low temperature oxidation
of CO [206] and C3 H6 epoxidation [366]. Since then, the topic of gold in catalysis has
received significant attention. Despite the large number of reports currently available, lack of
consensus prevails with respect to the nature of the active sites [217, 367, 368], the chemical
state of the active gold species (metallic vs. ionic gold) [369–371], as well as the relative
importance of the different oxygen species (chemisorbed oxygen, surface oxide, subsurface
oxygen) that might be present on these catalysts under realistic reaction conditions [372, 373].
Several authors attribute the enhanced chemical reactivity of gold NPs to the presence of
ionic gold, however, whether anionic or cationic (Auδ− , Auδ+ ) gold species are preferable is
still a matter of debate [370, 371, 373–376]. The presence of cationic interfacial gold species
has been inferred on catalytically active systems such as Au deposited on reduced TiO2 [377].
This is contrary to the traditional picture involving electron transfer from oxide supports to
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Au NPs. Positively charged atoms at the metal-support interface have been observed and
its presence has been correlated to the enhanced catalytic activity of the system [378, 379].
The active role of these cationic gold species on the WGS has been demonstrated recently by
Fu et al. [312]. In that work, similar activities for the WGS reaction were obtained on gold
NPs supported on La-doped CeO2 before and after the removal of the metallic gold species
[312]. This result suggested a strong interaction of ionic gold with the ceria support, and
the authors claimed that the presence of metallic NPs was not necessary for this catalytic
reaction [380].
On the theoretical side, several DFT works have investigated the strength of the binding
of CO [381, 382], O2 [383, 384], propene [385], and methanol [386] to nonmetallic Au clusters. Here, a common trend was found, with reactant molecules showing stronger binding
energy to anionic and cationic gold species, as compared to metallic gold. Recent DFT calculations carried out by Okumura et al. [368] suggested that although O2 activation occurs
on anionic Au, cationic Au atoms show stronger bonding to CO. The authors proposed a
model of dynamic charge polarization in which a strong heterojunction between Au clusters and their support is indispensable for the activation of oxygen species. The presence
of negatively charged atoms in the perimeter region of Au NPs was attributed to localized
Coulomb blockade effects. Furthermore, this surface negative charge was found to increase
with decreasing cluster size [387], in agreement with the known enhanced catalytic activity
observed for small Au clusters.

136

Table 6.1: Summary of the kinetic parameters of the O2 desorption from Au single crystals measured by TPD: literature
review.

Sample

Au(111)

Analysis

Desorption

Desorption energy

Pre-exponential

method

order (n)

(Ed ) (eV)

factor (ν) (s−1 )

Arrhenius

n=1

1.01 eV

5.5 × 1011 s−1

(Tmax = 520K)

Comments

Reference

θ = 0.03 ML

Saliba et al.

β = 8.5K/s

[424]

2.7 × 1011 s−1

θ = 0.22 ML

8.2 × 109 − 1011 s−1

θ > 0.5 ML

1.16−1.30 eV

7.8 × 1010 − 3.8 ×

θ > 0.5 ML

(Tmax > 520K)

1011 s−1

1.3 + 0.033(θ0 /θmax )

5.5 × 1011 s−1

1.24 eV
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(Tmax = 545K)
1−1.08 eV
(Tmax ∼ 520K)

Simulation

n=1

eV

1.2 ML > θ >
0.03 ML
Continued on next page

Table 6.1 – continued from previous page
Redhead

Pseudo-

1.43 eV

first

(Tmax = 550K)

∗

1.0 × 1013 s−1

θ ≈ 0.4 ML

Deng et al.

β = 10K/s

[425]

θ < 0.06 ML

Sault et al.

β = 15K/s

[426]

order
Au(110)

Redhead

n=2

1.3 ± 0.1eV

10−1 − 10−3 cm2 · s−1

(Tmax = 574K)
Arrhenius

n=1

1.32 ± 0.02 eV
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1.3 × 1012±0.2 s−1

θ ≈ 0.25 ML

6.1 × 1013 s−1

θ = 1.45 ML

Gottfried et

β=

al. [285, 286]

(Tmax = 560K)
HRV

n=1

1.33 eV
(Tmax = 450−500K)

0.15 − 4.4K/s
n=2

1.40 eV

1.6 × 1013 ML−1 · s−1

θ = 0.45 ML

(Tmax ∼ 510−580K) (9.5 × 10−3cm2 · s−1 )
n=2

1.49 eV

2.1 × 1013 ML−1 · s−1

θ = 1.49 ML

(Tmax ∼ 510−580K) (1.3 × 10−3cm2 · s−1 )
Continued on next page

Table 6.1 – continued from previous page
Arrhenius

n=2

1.41 eV

1.8 × 1013 ML−1 · s−1

(Tmax ∼ 530−553K) (8.1 × 10−3cm2 · s−1 )
Au(211)

Redhead

n=1

1.47 (Tmax = 540K)

∗

1.0 × 1013 s−1

θ = 0.22 ML
β = 2.3K/s
θ < 0.15 ML

Kim et al.

β = 3K/s

[430]
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Several experimental studies have been dedicated to the electronic and chemical characterization of oxidized gold species on Au single crystals [388–390], polycrystalline films
[391, 392], and the surface of Au NPs [108, 393]. The instability of Au2 O3 formed upon
exposing a gold film (100 nm) to O2 plasma has been reported by Tsai et al. [394]. In this
work, an activation energy of 57 kJ/mol was extracted for the decomposition of gold oxide
from the correlation of electrical resistance measurements, conducted in air at RT, and XPS
investigations after several time intervals. A non-monotonic interaction of size-selected gold
clusters with atomic oxygen was found by Boyen et al. [108]. More specifically, 1.4 nm-large
clusters (55 atoms, closed-shell electronic structure) were found to be resistant to oxidation.
However, when larger (>1.6 nm) and smaller clusters (<1.3 nm) were exposed to an identical
treatment, Au(core)/Au2 O3 (shell) structures with oxide shell thicknesses on the order of 0.7
nm were obtained.
Recently, a number of experimental studies discussing the chemical reactivity of gold
surfaces precovered with atomic oxygen have been published [290, 395–397]. Min et al.
[398] reported the existence of three types of oxygen species on Au(111): (i) chemisorbed
oxygen (oxygen bound to gold that is not part of an ordered phase), (ii) oxygen in surface
oxide (well-ordered two-dimensional phase), and (iii) subsurface oxygen or bulk oxide (three
dimensional phase). On the basis of CO oxidation studies, the authors found the following
relation among the reactivity of the different oxygen species: chemisorbed oxygen > oxygen
in surface oxide > oxygen in bulk gold oxide [398]. The role played by these species in the
thermodynamics and kinetics of oxidation/reduction reactions is a major challenge for the
microscopic understanding of gold catalysis. This understanding becomes highly challenging
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when small NPs are considered, due to the added complexity of the presence of different
facets, kinks and steps [249], and substantial interactions with the support [246]. As an
example, on ∼6 nm-large Au NPs deposited on highly ordered pyrolytic graphite (HOPG),
Lim et al. [393] observed by XPS the formation of a single oxygen species upon exposure
to atomic oxygen under UHV conditions. This species was ascribed to chemisorbed oxygen
because it was found to readily react with CO producing CO2 . Interestingly, two different
oxygen species were identified on similarly treated but smaller gold NPs (∼3 nm). In this
case, one of the oxygen species was assigned to chemisorbed oxygen, which decomposes
rapidly upon CO exposure, and the other to subsurface oxygen, inert towards reaction with
CO.
A number of studies can be found in the literature, Table 6.1 [285, 286, 289, 424–426,
429–431] describing kinetic parameters of O2 desorption from Au single crystal surfaces
with different orientations after atomic oxygen exposure. Based on the analysis TPD data
(Table 6.1), a range of desorption energies (Ed = 1.0 ± 1.5 eV), first-order (ν1 = 8 ×
109 s−1 to 6 × 1013 s−1 ), and second-order pre-exponential factors (ν2 ∼ 1013 ML−1 s−1)
have been reported [285, 286, 424, 426, 430]. These differences can be partially assigned to
the different initial adsorbate coverages (θ0 ) considered, since the kinetic parameters may
depend on θ0 [424, 429]. In addition, the kinetic parameters may depend on the specific Au
surface terminations investigated, as well as to limitations of the particular TPD analysis
method employed. Distinct reaction orders (pseudo first order, n = 1 and n = 2) have
been reported [285, 286, 424–426], n = 1 being the most commonly observed desorption
order for Au single crystal surfaces. The apparent first order dependence of the desorption
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rate with adsorbate coverage might be due to adsorbate interactions [425]. An alternative
mechanism was suggested by Kim et al. [430] in which the conversion of oxidic gold species
to chemisorbed atomic oxygen is the rate-determining step in O2 desorption.
Fewer studies [256, 431] are available on the reaction kinetics of O2 desorption from more
complex systems, such as supported Au NPs. The presence of different surfaces in such
systems (the support surface and the Au NP surface) adds a degree of complexity to the
analysis of TPD data. Little is known on how the particle size and NP-support interactions
might affect the kinetics, and an open question is whether the kinetic parameters previously
reported on gold single crystals with different surface terminations [285, 286, 289, 424–
426, 429–431, 433] can be compared to those obtained by TPD on Au NPs, where surface
facets with different crystalline orientations are present [249].
Our work intends to address the following questions: (1) under which conditions is gold
oxide stable on a gold NPs, (2) how are the chemical kinetics of gold oxide decomposition
affected by the size of the NPs and the nature of their metal oxide support, and (3) is
more than one gold oxide species (surface and subsurface) stable on NPs? In order to gain
insight into these topics, we have used the micelle encapsulation method [105, 246–249]
to synthesize size- and shape-selected gold NPs supported on thin SiO2 and TiO2 films.
Morphological characterization was conducted by AFM, and the decomposition of oxidized
gold species, formed upon in-situ O2 plasma exposure, was investigated in UHV by XPS. CO
exposure experiments were conducted to distinguish surface oxides from subsurface oxides.
TPD measurements provided information on the reaction order and activation energy for
molecular oxygen desorption from Au2 O3 (shell)/Au(core) NPs supported on SiO2 . We have
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acquired a series of TPD spectra as a function of the heating ramp (β) and the initial atomic
oxygen coverage (θ0 ) in order to get insight into the kinetics of O2 desorption. Thanks
to our sample preparation route, we have been able to measure desorption parameters on
much more monodispersed particle size distributions than previous studies, and to find how
such parameters change as a function of the particle size. We have applied the HRV [435],
complete analysis [41], and Redhead [436] methods, as well as simulations following the
Wigner-Polanyi equation, to analyze experimental TPD spectra for O2 -desorption from ∼5
nm and ∼1.5 nm Au NPs supported on SiO2 . Our results will provide insight into the validity
of these common analysis methods to extract kinetic parameters from complex systems,
where coverage-dependent adsorbate interactions are likely to be present.

6.1.2

PtO2 and PtO

Supported platinum NPs are of scientific and technological relevance due to their applications in the field of catalysis for a variety of processes including the oxidation of CO and
hydrocarbons in automotive catalytic converters, the oxidation of NH3 in nitric acid synthesis, hydrosilylation of alkenes and aryl alkynes, hydrogenation of benzene and cyclohexene,
and direct decomposition and oxidation of alcohols [457–462].
The microscopic understanding of the mechanisms and chemical kinetics underlying heterogeneous catalytic processes over supported NPs is a challenging task [463]. Among the
many factors that influence the reactivity of a NP are its oxidation state and support. NPsupport interactions are known to drastically affect the catalytic performance of metal NPs
by modifying their electronic and structural properties [255], by providing new active sites
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(perimeter) [464], or by encapsulation [465–468]. The stoichiometry and relative stability of
oxidized Pt compounds that can be formed on the surface on Pt single crystals [469–473] and
mono/bimetallic NPs [254, 255, 259, 474], as well as their role in the reactivity of Pt is still
under debate. Oxidized Pt surfaces have been suggested to be more reactive than metallic
Pt for CO oxidation [475, 476]. Dam et al. [477] have shown that Pt dissolution in fuel cells
is reduced when a protective platinum oxide layer is present, and Hull et al. [478] reported
enhanced activity for PtOx(shell)/Pt(core)-carbon nanotube catalysts. However, other authors attribute the temporal decay in the performance of Pt-based fuel cell electrodes to the
formation of PtO and subsequent Pt dissolution [479].
The main objective of the present in-situ study is to provide insight into the interaction
of oxygen with supported size-selected Pt NPs, revealing the initial stages of oxide formation
and the changes in its stoichiometry under various thermal treatments in vacuum and oxygen
atmospheres. Up to five bulk oxide phases have been identified on Pt single crystals: PtO,
Pt3 O4 , α-PtO2, β-PtO2 , and β’-PtO2 [461], and an even more complicated picture arises
when supported NPs are considered. For example, Held et al. [480] described the formation
of Ptx Oy oxide clusters with a stoichiometry x : y close to 1 after oxygen adsorption on
Pt(531) and assigned this to the Pt3 O4 phase. These clusters were observed to be highly
active for CO oxidation reactions [480, 481]. DFT calculations by Seriani et al. [461] revealed
the superior stability of Pt3 O4 as compared to PtO2 , and the following stepwise thermal
decomposition was described: PtO2 → Pt3 O4 → Pt [482, 483]. Previous work from our
group reported PtO as the dominant species stabilized on Pt NPs supported on a number of
nanocrystalline oxide supports after annealing treatments in air and O2 [255]. In addition,
144

the relative content of Pt oxide species on monometallic Pt NPs was found to depend on
the NP size [254], as well as on the degree of reducibility of the oxide support [255, 256] (as
is also the case of Au2 O3 [256]), and in bimetallic Pt-M NPs on the oxygen affinity of the
secondary metal [259].
In addition to the formation of different Pt oxide compounds reported above, sample
exposure to an O2 -plasma may also result in the existence of electrophilic (superoxide O−
2 ,
2−
peroxide O2−
2 ) and nucleophilic (O ) oxygen species [469, 470, 474, 484–486] on the sample

surface, including the oxide support. Such species have been detected in the past by various
spectroscopic methods [487–489], including XPS [487], and their important role in catalytic
reactions discussed [490]. For example, their presence on Ag(111) was found to tune the selectivity observed in ethylene epoxidation reactions from partial- (C2 H4 O) to total-oxidation
(CO2 +H2 O) [484, 487]. Furthermore, Grant et al. [484] proposed that the charge density of
adsorbed oxygen controls the competition between those two reactions. Since electrophilic
oxygen has a smaller charge density than nucleophilic oxygen, it was proposed that it could
“attack” hydrocarbon molecules at regions of high electron densities (the H2 C=CH2 double
bond) resulting in partial oxidation of ethylene [484, 491]. Other authors have also detected
electrophilic oxygen on Ag [487, 492, 493] and other surfaces such as in Pt [490, 494, 495]
and Ni [496, 497] single crystals, polycrystalline Cu [498], TiO2 [491], CeO2 [499], and Fe2 O3
[500, 501].
The present study provides insight into the chemical nature and thermal stability of the
oxide species formed over size-selected supported Pt NPs after in-situ exposure to atomic
oxygen via XPS. Emphasis will be given to the role played by the NP support. We will ad145

dress the following questions: (1) are electrophilic oxygen species (peroxo, superoxo) present
on O2 -plasma-treated supported micellar Pt NPs?, (2) are PtO2 and PtO compounds formed
on small Pt NPs and do they coexist at certain temperatures?, (3) Is PtO2 directly reduced
to Pt0 or does the decomposition involves PtO as intermediate species?

6.2
6.2.1

Experimental

Au2 O3

Size-selected Au NPs were synthesized by inverse micelle encapsulation on polystyreneblock-poly(2-vynilpyridine) diblock copolymers [PS(x)-b-P2VP(y)]. Subsequently, chloroauric acid (HAuCl4 ·3H2 O) is added to the polymeric solution. In this study, the following two
polymers have been used: PS(53000)-P2VP(43800) and PS(8200)-P2VP(8300). Naturally
oxidized Si(111) wafers and ultrathin Ti films (15 nm) electron-beam deposited on Si(111)
have been used as NP supports. Further details on this preparation method can be found in
Refs. [105, 246–250]. A summary of the synthesis parameters used is given in Table 6.2.
The characterization of the sample morphology was performed ex-situ by AFM in tappingmode. Polymer removal from the Au NP’s surface was conducted by O2 plasma exposure
at low temperature (150 K) at a pressure of 5.5 × 10−5 mbar for 100 min. The polymer is
removed during the first 20-30 min of this treatment, and further O2 plasma exposure results
in the formation of Au-O compounds. The XPS measurements conducted right after the O2
plasma treatments, were done with the sample at a temperature lower than 200 K. For the
temperature-dependent decomposition of gold oxide (XPS), a linear heating ramp with β
= 3 K/s was used. Since all of our annealing treatments were conducted in vacuum, lower
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decomposition temperatures for gold oxide are expected in our case as compared to similar
studies conducted under higher partial O2 pressure [394].
The XPS BE scale has been calibrated using the Ti-2p3/2 peak on Ti (454.2 eV) and
Si-2p3/2 peak on Si (99.3 eV) substrates as references. We can see the Ti0 and Si0 peaks
because of the ultrathin nature of our TiO2 [TiO2 (6 nm)/Ti(9 nm)/SiO2 /Si(111)] and SiO2
[SiO2 (4 nm)/Si(111)] support films. From cross sectional TEM measurements (Fig. 4.5), the
thickness of the TiO2 and SiO2 films are 6.0 ± 0.5 and 3.8 ± 0.5 nm, respectively. Because
Au2 O3 is known to decompose under intense X-ray exposure within hours [390], a control
experiment was conducted to ensure that no gold oxide decomposition occurred during our
XPS acquisition time (∼10 min). A maximum decrease in the Au3+ signal of 2% was observed
under our measurement conditions (Al-Kα radiation, 1486.6 eV at a power of 300 W). For the
analysis of peak positions, line widths, and relative areas of the Au0 and Au3+ components,
the raw XPS spectra were fitted with two (Au0 ) or four (Au0 , Au3+ ) Gaussian functions after
linear background subtraction. During the fitting, the intensity ratio between the Au-4f7/2
and Au-4f5/2 peaks was fixed to 0.75, and the full width at half maximum (FWHM) of the
different components was 1.3 ± 0.3 eV (Au0 ) and 1.7 ± 0.5 eV (Au3+ ) [388].
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Table 6.2: Summary of the parameters tuned and average height and diameter of Au NPs deposited on SiO2 and TiO2 .
Sample

Substrate

PS/P2VP

HAuCl4 /P2VP

molecular

ratio

height (nm)

diameter (nm)

Interparticle distance (nm)
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weight (g/mol)
#1

SiO2

53000/43800

0.4

4.9 ± 1.6

16 ± 3

50 ± 6

#2

SiO2

53000/43800

0.4

5.4 ± 1.2

19 ± 5

51 ± 18

#3

TiO2

8200/8300

0.05

1.7 ± 0.8

12 ± 4

24 ± 4

#4

TiO2

8200/8300

0.05

1.4 ± 0.5

10 ± 4

59 ± 40

Prior to the TPD measurements, the polymer-free Au NPs were flash annealed to 700
K. This procedure significantly reduced the residual gas background at high temperatures
without inducing any significant changes in the NP size distribution. Subsequently, the
samples were exposed to atomic oxygen at a pressure of 2.3 × 10−5 mbar for 15 min. For the
TPD studies, the samples were kept at RT during O2 plasma exposure because a cold plasma
treatment resulted in an increase of the background of the TPD spectra. Subsequently, the
samples were placed ∼3 mm away from the mass spectrometer glass shield opening (5 mm
aperture) and heated at a rate of 5 K/s.
In order to investigate if for a given NP size and support combination, both surface
and subsurface gold oxide species were formed upon exposure to atomic oxygen at low
temperature (150 K), the samples were dosed with CO (PCO = 1.0 × 10−5 mbar for 10 min,
4500 L), and the Au3+ XPS signal was monitored before and after CO exposure. All samples
were dosed with CO at RT except sample #4, for which the CO dosing was conducted at
∼150 K (and XPS measured at ∼200 K) in order to prevent significant thermal decomposition
of the relatively unstable oxide formed on this sample.

6.2.2

PtO2 and PtO

Pt NPs were synthesized within micelles of a PS(27700)-P2VP(4300) diblock-polymer
with metal salt to P2VP ratio r = 0.6. Naturally oxidized Si(100) wafers, oxidized ultrathin
TiO2 (6nm)/Ti(9 nm) and Zr films (3, 6, 15 and 30 nm) electron-beam evaporated on Si(100)
have been used as NP supports. These substrates were dip-coated in the Pt-polymeric
solution at a speed of 10 mm/s.

149

Table 6.3: Description of the Pt NP samples synthesized by using the technique of inverse
micelle encapsulation and deposited on different supports. The average NP heights obtained
by AFM after O2 -plasma treatments, 1000 K annealing in UHV and in O2 environments
(PO2 = 1 × 10−4 mbar) are indicated.

Particle height (nm)
Sample

Substrate

O2 -plasma

UHV anneal

O2 anneal

#Pt1

SiO2 /Si(100)

2.6 ± 0.4

2.7 ± 0.4

1.5 ± 0.2

#Pt2

ZrO2(6 nm)

–

2.1 ± 0.6

–

#Pt3

TiO2 (6 nm)/Ti(9 nm)

3.3 ± 0.6

1.2 ± 0.3

–

#Pt4

ZrO2(3 nm)

–

–

–

#Pt5

ZrO2(15 nm)

1.6 ± 0.5

1.9 ± 0.5

2.3 ± 0.8

#Pt6

ZrO2(30 nm)

–

–

–

Polymer etching from the Pt NP’s surface was conducted in UHV by O2 -plasma exposure
at RT at a pressure of 4.0 × 10−5 mbar for 100 min. XPS measurements were conducted
immediately after the O2 plasma treatment and no detectable amounts of C-1s (285.2 eV),
N-1s (399.3 eV) or Cl-2s (270.0 eV) from the P2VP and H2 PtCl6 salt were observed [249].
A summary of the Pt NP samples prepared is shown in Table 6.3.
The temperature-dependent decomposition of platinum oxides on NPs supported on different substrates was studied in-situ by XPS after isochronal annealing in 50 K-steps from
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Figure 6.1: XPS spectra (Al-kα = 1486.6 eV) corresponding to the Pt-4f core level region
of Pt NPs in sample #Pt1 measured at RT after (i) an O2 plasma treatment and different
X-ray (Al-Kα = 1486.6 eV, 300 W) irradiation times: (ii) 1 hour, and (iii) 2 hours.

RT to 1000 K under vacuum and oxygen environments. A linear heating ramp of β = 3
K/s was used. The target temperatures were maintained for 10 minutes. The XPS BE
scale has been calibrated using the Si0 -2p3/2 (99.3 eV) [Pt/SiO2 /Si(001)], Zr4+ -3d5/2 (183.2
eV) [Pt/ZrO2 (15 nm)/Si(100)], Ti0 -2p3/2 (454.0 eV) [Pt/TiO2 (6 nm)/Ti(9 nm)/Si(100)] and
Ti4+ -2p3/2 (459.2 eV) peaks as reference [249, 256]. An additional experiment was conducted
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to monitor whether the X-ray exposure at RT would also induce a partial decomposition of
the Pt oxides (PtO2 and PtO) formed during the sample exposure to atomic oxygen. Only
a slight reduction of PtO2 (∼3%) and no reduction of PtO were observed at RT after X-ray
exposure for 120 min (Fig. 6.1) under our experimental conditions (Al-Kα, 1486.6 eV radiation and a power of 300 W). The 120 min exposure time used in those experiments is longer
than the XPS acquisition time (∼10 min) required to measure the XPS datasets shown in
this dissertation. Therefore, any significant X-ray-induced decomposition of Pt-oxides can
be ruled out.
For the quantitative analysis of peak positions, line widths, and relative areas of the
Pt0 , Pt2+ , and Pt4+ species, the raw XPS spectra were fitted with six Gaussian-Lorentzian
functions (3 doublets) using the CASA XPS software. A linear background due to inelastic
scattering processes was subtracted. For the fitting of the Pt-4f core level region, the following
physical parameters were used: (i) a spin-orbit coupling energy (separation of 4f7/2 and 4f5/2
doublet peaks) ∆E = 3.33 eV [502], (ii) a ratio of the intensity of the Pt-4f7/2 and Pt-4f5/2
peaks of I4f7/2 /I4f5/2 = 0.75, and (iii) a full width at half-maximum height (FWHM) of the
different components of 1.3 ± 0.1 eV for Pt0 , 1.6 ± 0.3 eV for Pt2+ in PtO, and 1.9 ± 0.3 eV
for Pt4+ in PtO2 . The instrumental resolution of our XPS system, measured on a Au(111)
single crystal, was FWHM = 0.9 eV. The BE resolution is estimated to ±0.1 eV.
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6.3
6.3.1

Results and discussion. (AFM, XPS, TPD)

Au2 O3

Morphological characterization (AFM).

Figure 6.2 displays AFM micrographs of Au NPs with two different size distributions synthesized using diblock copolymers with different molecular weights: PS(53000)-P2VP(43800)
[Fig. 6.2(a-d)], and PS(8200)-P2VP(8300) [Fig. 6.2(e),(f)]. The particles were deposited on
SiO2 , Fig. 6.2(a),(e) (samples #1, #3) and on TiO2 , Fig. 6.2(c),(f) (samples #2, #4),
and all images were taken after polymer removal using O2 plasma. In addition, the influence of annealing in UHV at 700 K (sample #1) and 500 K (sample #2) on the NP size
was monitored, Fig. 6.2(b),(d), respectively. No significant size changes were observed in
any of the samples upon annealing. The sizes of the Au NPs estimated by AFM after O2 plasma are given in Table 6.2. Particles with similar size distributions (4.9−5.4 nm height
for samples #1 and #2, and 1.4−1.7 nm for samples #3, #4) were found on both substrates
when the same encapsulating polymer was used in the synthesis. Because of the AFM tipconvolution effects (tip radius <7 nm), the average NP height was used as the characteristic
size parameter.

Electronic and chemical characterization (XPS).

The thermal decomposition of oxidized gold species in core(Au0 )/shell(Au3+ ) NPs was
monitored in-situ (UHV) by XPS. Figure 6.3 shows XPS spectra from the Au-4f core level
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Figure 6.2: Tapping mode AFM images of size-selected Au NPs supported on SiO2 [samples
#1 (a) and #3 (e)] and on TiO2 [samples #2 (c) and #4 (f)] taken after an in-situ O2
plasma treatment (90 W, 5.5 × 10−5 mbar, 100 min) at 150 K. The images shown in (b)
and (d) correspond to samples #1 and #2 after a subsequent flash anneal in UHV at 700
K (b) and 500 K (d), respectively. The particles were synthesized by encapsulation in two
different diblock-copolymers: PS(53000)-P2VP(43800) (samples #1 and #2) and PS(8200)P2VP(8300) (samples #3 and #4). The height scales are (a) z = 20 nm, (b) z = 20 nm, (c)
z = 30 nm, (d) z = 30 nm, (e) z = 12nm, (f) z = 8 nm.
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region of four samples as a function of the annealing temperature. Spectra (i) were measured
at ∼200 K directly after a low temperature (∼150 K) O2 plasma treatment. Spectra (ii),(iii)
were acquired after isothermal sample annealing for 10 min at 400 K and 500 K respectively,
followed by a fast cool down to room temperature using liquid nitrogen flow. The two
doublets observed with maxima at (84.6 ± 0.3, 88.4 ± 0.3 eV) and (86.9 ± 0.2, 90.6 ± 0.2 eV)
were assigned to the 4f7/2 and 4f5/2 core levels of Au0 and Au3+ in Au2 O3 [108, 246, 393]. The
different Au-O species (chemisorbed oxygen, surface and bulk gold oxide) are expected after
a low temperature atomic oxygen exposure. However, such species cannot be distinguished
based on Au-4f BE shifts.
In Fig. 6.3, positive shifts in BE with respect to bulk gold were observed, and in agreement with previous literature reports [246, 249, 400], their magnitude was found to strongly
depend on the size of the NPs and the nature of the substrate. In particular, BE shifts of
+0.3 ± 0.1 eV (sample #1), +0.2 ± 0.1 eV (sample #2), +0.9 ± 0.1 eV (sample #3), and
+0.8 ± 0.1 eV (sample #4) were measured on our samples after annealing at 350 K. By
comparing the BE values of samples with two distinct size distributions, deposited on the
same substrate (SiO2 ), a clear size effect is observed with the smallest NPs (1.7 nm, sample
#3) displaying larger BE shifts (+0.6 eV) than the 4.9 nm clusters in sample #1. The
same conclusion is true when differently sized clusters are deposited on TiO2 (samples #2
and #4). Positive BE shifts observed for small clusters are commonly attributed to initial
[267, 401] and final state effects [246, 268]. In addition, DFT calculations by Yang et al.
[402] suggested that positive core-level shifts measured for Au NPs supported on MgO(001)
and TiO2 (110) could be related to the presence of oxygen vacancies in the supports.
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Figure 6.3: XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Au-4f core level of Au
NPs with two different average sizes: (a),(b) ∼5 nm and (c),(d) ∼1.5 nm supported on SiO2
(a),(c) and TiO2 (b),(d) after UHV annealing from 200 K up to 500 K (10 min). The vertical
reference lines indicate the BEs of bulk metallic gold (84.0 and 87.7 eV, solid lines) and Au3+
(85.8 and 89.5 eV, dashed lines) [388, 399].
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A. Temperature- and time-dependent decomposition

− Size effects
It is known that the particle size affects the reduction rate of metal nanocatalysts, and
two models based on geometrical and electronic effects have been proposed [403, 404]. In
the geometrical model, different oxygen adsorption sites are available for differently sized
clusters. In the electronic model, size dependent changes in the electronic structure of small
clusters are believed to play a role in the stability of metal oxide cluster shells. For our large
NPs (∼5 nm), geometrical effects should dominate, while electronic effects may also play a
role in the reduction of our small clusters (∼1.5 nm).
The influence of the NP size on the thermal stability of Au2 O3 can be inferred by comparing XPS spectra taken on samples with two different NP size distributions supported on
the same substrate, [Figs. 6.3(a),(c) for Au/SiO2 and Figs. 6.3(b),(d) for Au/TiO2 ]. In
order to estimate the thickness of the gold oxide formed upon low temperature O2 plasma
exposure, the model described by Nanda et al. and Wu et al. in Refs. [405, 406] was used.
Following this model, the NP shape is assumed to be spherical, and composed of a metallic
core (Au) and an oxidized shell (Au2 O3 ). The ratio of the intensities of the photoelectron
peaks (4f7/2 in our analysis) from the Au0 core and Au3+ shell is given by:


√
RR2 Rπ
r cos(θ)− R22 −r 2 sin2 (θ)
KAu2 O3
exp
r 2 sin(θ)dθdr
λ2
IAu2 O3 (θ)
R1 0
=


√
R
R 1 Rπ
IAu (θ)
r cos(θ)− R22 −r 2 sin2 (θ)
KAu
exp
r 2 sin(θ)dθdr
λ1

(6.1)

0 0

where R1 is the radius of the NP core and R2 is the total radius of the NP (measured
by AFM). The inelastic mean free path (IMFP) of electrons in metallic Au (λ1 ) is 1.781
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Figure 6.4: Temperature dependence of the decomposition of gold oxide studied for two
different gold NP sizes ∼5 nm (open and closed circles) and ∼1.5 nm (open and closed
triangles) supported on SiO2 (samples #1 and #3) and TiO2 (samples #2 and #4).

nm [408]. Using NIST software [408] and a gold oxide density of 13.675 g/cm3 (see Refs.
[409, 410] for details on the structure of Au2 O3 ), we estimated an IMFP (λ2 ) of 1.937 nm for
Au2 O3 . The constants KAu and KAu2 O3 are related to the distinct elemental sensitivities and
instrumental factors. A value of KAu2 O3 /KAu = 0.32 was used in our studies [405]. Equation
(6.1) was evaluated numerically, and the R1 value was varied until the IAu2 O3 (θ)/IAu (θ) ratio
matched the intensity ratio measured by XPS.
Figure 6.4 shows the calculated Au2 O3 shell thicknesses as a function of temperature. As
described above, all samples were annealed for 10 min at the respective temperatures and the
XPS spectra were measured subsequently at RT. The maximum thicknesses of the Au2 O3
shell formed on the large NPs deposited on SiO2 (sample #1) and TiO2 (sample #2) after
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O2 plasma were 0.79 ± 0.02 nm and 0.87 ± 0.02 nm, respectively. For the small clusters,
the initial maximum Au2 O3 thicknesses were 0.38 ± 0.02 nm (sample #3, SiO2 ) and 0.31 ±
0.01 nm (sample #4, TiO2 ). For NPs deposited on both substrates, a clear size-dependence
of the stability of Au2 O3 can be inferred from Fig. 6.4.
For the Au/TiO2 system, the Au oxide shell was found to be more stable on the large NPs
(sample #2), with a 50% decomposition of the Au2 O3 shell obtained at ∼310 K as compared
to ∼265 K for the smaller NPs (sample #4). The higher surface/volume ratio present in
the small NPs should contribute to their faster reduction. Nearly complete disappearance
of the Au3+ signal (<14% of the initial Au2 O3 thickness remaining) was observed at 300
K for the small NPs on TiO2 (sample #4), while a substantial Au3+ signal (∼66% of the
initial Au2 O3 thickness) could still be detected on the surface of the large NPs (sample #2)
at 300 K and ∼25% Au3+ signal at 500 K. A similar size-dependent trend was observed by
our group during the reduction of surface Pt-oxides (PtO and PtO2 ) on Pt NPs supported
on anatase TiO2 powders [254]. These results are also in agreement with data obtained by
Suhonen et al. [411] on oxidized Rh clusters supported on different oxide powders, where
faster reduction rates were measured for smaller clusters.
For the Au/SiO2 system, the Au2 O3 shell on smaller NPs displayed a slightly higher
thermal stability at low temperature than the large NPs, with a 50% decay in the Au3+
signal on small NPs (sample #3) at 430 K as compared to a similar decay at 410 K for
the large NPs (sample #1). On this system, a nearly complete decomposition of the Au2 O3
shell (within the experimental error margin) was observed for the small NPs after 10 min
annealing at 550 K (sample #3), while a ∼0.2 nm-thick gold oxide layer was still present at
159

that temperature on the large NPs (sample #1). The dramatic differences in the stability
of Au2 O3 on small NPs deposited on SiO2 and TiO2 will be discussed in the next section,
where the role of the cluster support will be considered.
It is noteworthy that on both substrates only a partial reduction of the Au2 O3 layer is
observed for our large NPs (samples #1 and #2) up to an annealing temperature of ∼550 K
(10 min), where a ∼0.2 nm-thick Au2 O3 shell remains both on SiO2 and on TiO2 . Further
annealing (>600 K, not shown) resulted in a slow decomposition of this oxide component.
However, for the smaller NPs supported on both substrates, complete Au3+ reduction is
observed below 550 K, Fig. 6.4. This difference can be attributed to the presence of more
than one gold oxide species (surface and subsurface oxide) in these NPs and to a distinct
thermal stability of such species. This is discussed in more detail in section 6.3.1. For bulk
systems, typical values for the decomposition temperature of gold oxide Au2 O3 [399, 409]
are in the range of 360∼450 K. However, the existence of a more stable form of gold oxide
on Au(111), stable up to 1073 K, has also been reported by Chesters et al. [412].

− Support effects
In addition to size-effects, the influence of the oxide support on the decomposition of
surface oxides on metal NPs cannot be neglected. As an example, Schalow et al. [373]
attributed the more facile reduction of pre-oxidized, small (< 3 nm) Pd NPs supported on
Fe3 O4 /Pt(111) as compared to larger clusters (10−100 nm) to the stronger metal-support
interactions expected for small clusters.
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In the current study a drastic difference in the stability of Au2 O3 over NPs with similar
size distributions but deposited on different substrates was observed. As an example, the
Au2 O3 thicknesses obtained from the analysis of Figs. 6.3(a)(ii) and 6.3(b)(ii) (large NPs,
∼5 nm height) after annealing at 400 K for 10 min were 0.56 ± 0.04 nm for Au/SiO2
and 0.22 ± 0.04 nm for Au/TiO2 . Similarly, after annealing the small NPs (∼1.5 nm) at
350 K for 10 min, a gold oxide shell with thicknesses of 0.28 ± 0.04 was obtained nm for
Au/SiO2 , while no Au3+ was detected on Au/TiO2 [Fig. 6.3(d)(iii)]. As can be seen in
Fig. 6.4, for both particle sizes, Au2 O3 is more easily decomposed (at lower temperature)
when the NPs are supported on reducible TiO2 substrates. A tentative explanation for this
distinct behavior involves oxygen spill-over from the oxidized Au NP shell to the TiO2 /Ti
substrate, Fig. 6.5(a,b). This model is based on the well known facile reduction of the TiO2
support at low temperature. Oxygen vacancies created in the TiO2 upon sample annealing
might be replenished by oxygen from the gold oxide NP shell. Such mechanism is not
possible in the case of SiO2 , because it only becomes reduced well above the temperatures
employed here (maximum annealing temperature of 600 K). It should be highlighted that the
core(Au0 )/shell(Au2 O3 ) described here is only a model, and that the AuOx species could also
be mainly stabilized at the NP/support interface and underneath the NPs, what would also
explain the strong support effect observed for the stability of Au2 O3 , Fig. 6.5(c). Oxygenvacancies in the support are known to be favorable sites for strong interactions with Au
NPs [222, 413, 414], becoming preferential sites for the nucleation of metal clusters [415].
Further, a stronger binding of Au NPs to reduced TiOx films as compared to bulk TiO2 has
been measured [416], and charge transfer phenomena from oxygen vacancies in the reduced
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TiO2 supports to metal clusters have been discussed [377, 417]. In our studies, it appears
that a strong metal-support interaction for the Au/TiO2 system could be responsible for the
decomposition of gold oxide on TiO2 at lower temperature than on SiO2 .
Interestingly, Chang et al. [418] observed that the thermal decomposition of Ta2 O5 was
faster when it was deposited directly on Ti as compared to structures where an intermediate
oxygen diffusion barrier (TiN) was present (Ta2 O5 /TiN/Ti). They concluded that oxygen
diffuses from the Ta2 O5 film to the underlying Ti layers and that the Ti contributes to its
reduction. Furthermore, when the Ta2 O5 film was in direct contact with Si, no enhanced
reduction was detected. Finally, it should be noted that the influence of a reducible support
on oxide decomposition depends on the relative stability of the oxides involved. For example,
there are reports indicating a slower decomposition rate of RhOx clusters when deposited on
partially reduced Ce-Zr powders [411]. Here, the reducible oxide support is believed to act
as a local supplier of oxygen, slowing down the metal oxide decomposition. This is however
a different experimental system because, contrary to the case of Au on TiO2 , where the
enthalpy of formation of Au2 O3 is very high, Rh forms a much more stable oxide.
Because the size-dependent Au2 O3 decomposition behavior is different for similarly-sized
Au NPs deposited on our two different substrates, a distinct underlying mechanism is expected. Assuming that oxygen vacancies in the oxide support play a role in the stability of
Au-oxide in the Au/TiO2 system, the higher stability of Au2 O3 in large Au NPs (sample
#2) as compared to smaller NPs (sample #4) could indicate that a rate-limiting step for
the decomposition of Au2 O3 is the diffusion of atomic oxygen to the Au/TiO2 interface.
Following this model, larger diffusion barriers to the NP/support interface must be present
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in the case of large Au NP.
A schematic summary of the mechanisms proposed for the decomposition of Au oxide
formed on size-selected Au NPs supported on SiO2 and TiO2 upon atomic oxygen exposure, is
given in Fig. 6.5. In the SiO2 case, desorption of atomic [labeled as process (1)] and molecular
oxygen [upon recombination, process (2)] from the oxide shell are depicted. Furthermore,
the diffusion of subsurface oxygen to the NP surface is also considered (3). On TiO2 , one
additional decomposition pathway (4) is proposed, where O-vacancies created in the TiO2
substrate during annealing are continually replenished by oxygen atoms spilling-over from
the Au oxide NP shell, Fig. 6.5(b). The possibility of having the Au oxides exclusively
stabilized at the NP support interface is also shown in Fig. 6.5(c).
In order to demonstrate that a relatively large number of oxygen vacancies were present
in our TiO2 support after annealing at low temperature, we have conducted in-situ XPS
studies on the uncoated TiO2 support after O2 plasma exposure and subsequent thermal
treatments (200-500 K) in UHV. Figure 6.6 displays XPS spectra of the Ti-2p region of our
thin TiO2 substrate [TiO2 (6 nm)/Ti(9 nm)/Si(111)]. The first XPS peak at 454.2 eV is
assigned to Ti0 (2p3/2 orbital) from the underlying supporting metal film. The main doublet
(459.1 ± 0.3 eV, 464.9 ± 0.3 eV) is assigned to TiO2 . The small positive BE shifts observed
for the TiO2 peaks with increasing temperature may be attributed to morphological and
electronic changes in our polycrystalline substrate [419]. Although a small Ti3+ component
is present even directly after O2 plasma, its contribution to the overall spectral area was
found to increase significantly with increasing annealing temperature, indicating the creation
of additional O-vacancies. Annealing to 500 K resulted in a strong increase of the Ti3+ /Ti4+
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Figure 6.5: Schematic model illustrating different mechanisms for Au2 O3 decomposition on
large and small NPs supported on SiO2 and TiO2 . Four processes are depicted: (1) direct
desorption of atomic oxygen, (2) recombination of atomic oxygen and desorption as molecular
oxygen, (3) segregation of subsurface oxygen to the NP’s surface, and (4) atomic oxygen from
the NP shell spills over to the TiO2 substrate and replenishes oxygen vacancies created on
TiO2 upon sample annealing. In (a) and (b) the presence of the gold oxide as a NP shell is
assumed while in (c) its presence is restricted to the NP-support interface.

ratio (0.85 concentration ratio obtained from the area of the Ti3+ /Ti4+ -2p3/2 peaks). At
this temperature, Ti2+ species were also detected (6.8%). These results are in qualitative
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agreement with data obtained by Mizuno et al. [420] on a TiO2 single crystal annealed at
453 K for 24 h, showing a convoluted Ti-2p spectrum with TiO2 , TiO, Ti2 O3 and Ti3 O5
compounds. In our case, due to the smaller thickness of our TiO2 support, TiO2 reduction is
faster and begins at a lower temperature. Although the presence of partially reduced TiO2
in these samples provides support for the models proposed in Fig. 6.5(b) and (c), further
experimental and theoretical investigations are required to determine the role of oxygen
vacancies in the thermal decomposition of Au2 O3 in Au NPs supported on TiO2 .

Time dependence of the thermal decomposition of Au2 O3 .

Figure 6.7 shows Au-4f XPS spectra from the four samples described in Table 6.2 measured at RT after annealing at 350 K during different time intervals (from 1 min to ∼2000
min). For reference purposes, the XPS spectra measured on each sample directly after O2
plasma exposure at 150 K are also displayed [Fig. 6.7, curves (i)]. Except for sample #4
(∼1.4 nm Au NPs supported on TiO2 ), where a fast decomposition was observed, a gradual
reduction of Au3+ to Au0 is detected by XPS with increasing annealing time.
Figure 6.8 shows how the thickness of the Au2 O3 shell (Au3+ XPS signal) decreases as
a function of annealing time for the following temperatures: 350 K, 375 K, and 400 K. The
data in Fig. 6.8 were obtained from the analysis of XPS spectra similar to the ones displayed
in Fig. 6.7 using eq. (6.1). This study has been carried out only on samples #1, #2, and
#3 [Figs. 7(a),(b),(c), respectively]. The Au3+ reduction in sample #4 (small NPs on TiO2 )
was so fast that a meaningful dataset could not be obtained using this procedure because
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Figure 6.6: (a) XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Ti-2p core level of
Au-free TiO2 . Changes in the stoichiometry of our TiO2 (6 nm)/Ti(9 nm) supports were
monitored after different annealing treatments in UHV for 10 min. The raw data were
deconvoluted with Ti0 , Ti2+ , Ti3+ and Ti4+ doublets (Ti-2p3/2 , Ti-2p1/2 ). Reference lines
for the Ti-2p3/2 XPS peak of the different Ti species are indicated. (b) Relative content of
the different Tiδ+ species extracted from the fits in (a).

the decomposition occurred in a time interval on the order of our experimental time error.
This experimental error is related to the time required to increase and decrease the sample
temperature from RT to the desired target value and back to RT for XPS analysis.
The data in Fig. 6.8 show that the oxide decomposition slows down as the oxide shell
thickness decreases (note the logarithmic time axis). Tsai et al. [394] conducted a similar
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Figure 6.7: XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Au-4f core level of samples with two different average Au NP sizes: (a),(b) ∼5 nm and (c),(d) ∼1.5 nm supported
on SiO2 (a),(c) and TiO2 (b),(d). All data were acquired after isothermal sample annealing
in UHV at 350 K for different time intervals. For reference, XPS spectra measured directly
after O2 plasma exposure are also shown.
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study on a Au film (100 nm thick) exposed to an O2 plasma treatment (for 1 min) based on
resistance measurements performed in air (45% moisture content) at temperatures of 295,
323, 348, and 400 K. The authors discussed that the decomposition of surface Au2 O3 in
air followed first-order rate kinetics with an activation energy of 57 kJ/mol (∼0.59 eV). In
contrast, the XPS results in Fig. 6.8 cannot be fitted with simple rate equations for several
reasons: (i) more than one gold oxide species is present in our samples (chemisorbed O2 ,
surface oxide, subsurface oxide), (ii) the NP size affects the stability of each of these species,
(iii) the nature of the oxide support affects the decomposition kinetics (Au/TiO2 ). In the
following, we discuss the curves in Fig. 6.8 in more detail.

− Support effects
For samples with identical size distributions (samples #3 and #4, ∼1.5 nm), a faster
Au3+ decomposition rate was observed for the NPs supported on TiO2 (sample #4), Fig.
6.7(d) as compared to NPs on SiO2 (sample #3), Figs. 6.7(c) and 6.8(c). Although less
drastic, the same observation was made for the samples containing the larger NPs (∼5 nm,
sample #2), Figs. 6.7(a) and 6.8(a) (SiO2 ) and 6.7(b), 6.8(b) (TiO2 ). We attribute this
effect to the strong metal-support interaction characteristic of the Au/TiO2 system as also
discussed in the temperature dependent studies described above. Furthermore, our results
indicate that such interactions affect small clusters more significantly than larger NPs [373].
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Figure 6.8: Time dependence of the decomposition of Au2 O3 obtained from the XPS spectra
shown in Fig. 6.7 for three different samples: (a) sample #1 (Au/SiO2 , 4.9 nm), (b) sample
#2 (Au/TiO2 , 5.4 nm), and (c) sample #3 (Au/SiO2 , 1.7 nm). The temperatures during
isothermal annealing are indicated.
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− Size effects
According to previous literature [421], the initial thickness of the Au2 O3 shell formed on
each sample should be taken into consideration in order to understand the kinetics of the
thermal decomposition of oxides. Sayan et al. [421] investigated the decomposition of HfO2
deposited on SiO2 /Si and found a nearly linear relationship between the HfO2 thickness and
the decomposition time. Further, they observed that the thickness of the SiO2 support did
not affect the stability of HfO2 . In our experiments, thicker Au2 O3 films were formed on
the larger clusters [i.e. 0.8 ± 0.1 nm and 0.3 ± 0.1 nm for ∼5 nm and ∼1.5 nm Au NPs on
TiO2 , respectively], where slower Au3+ decomposition rates were measured. An exception is
the Au/SiO2 system, where Au2 O3 seems to be slightly more stable on small NPs below 550
K. As mentioned above, geometric (stronger oxygen adsorption sites on small clusters) and
electronic effects can influence the decomposition behavior on such small clusters.
In order to explain the complex kinetics of Au2 O3 decomposition on differently-sized
Au NPs exclusively based on size-effects, two different models can be considered: (i) the
formation of an intermediate gold oxide compound [422] (e.g. Au3+ decomposition to Au+ ),
and (ii) the presence of subsurface oxygen. Although literature reports that favor each of
these options exist, and both models are described below, our experimental evidence supports
the presence of subsurface oxide.
The presence of Au+ species was suggested by Pireaux et al. [399] after monitoring the
decomposition of gold oxide on Au(111) in UHV by XPS. The authors obtained atomic Au/O
ratios of ∼0.6 right after oxidation, and ∼1.4 after annealing to 340 K and concluded that
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Au2 O3 (auric oxide, Au3+ ) is formed immediately after atomic oxygen exposure, whereas
the reduction process at 340 K resulted in Au2 O (aurous oxide, Au+ ). However, recent DFT
calculations on the stability of different gold oxides indicate that Au2 O3 is more stable than
Au2 O [409].
Whether subsurface oxygen is present in gold films and particles upon exposure to atomic
oxygen is still a matter of controversy. Lim et al. [423] used XPS to investigate the oxidation
of Au NPs with different sizes supported on HOPG. Upon exposing large NPs (∼7 nm) to
atomic oxygen, a single peak of O-1s at 530 eV was recorded. Subsequent sample exposure
to CO (3000 L) at RT resulted in the reduction of the particles. However, for smaller NPs
(∼3 nm), two different oxidation states (530 and 532 eV) were observed in the O-1s core
level. When these particles were exposed to CO, the intensity of the O-1s peak at 530
eV was significantly reduced, whereas the peak at 532 eV was not modified. The authors
attributed the second state to subsurface oxygen. The formation of subsurface oxygen was
also suggested by Kim et al. [397] for small Au NPs supported on TiO2 (110). Subsurface
oxygen (bulk oxide) species have also been identified on Au(111) by Min et al. [398] and
their relative stability was found to depend on the sample temperature during atomic oxygen
exposure (ozone) as well as on the oxygen coverage. In fact, surface and subsurface gold
oxide species as well as chemisorbed oxygen were found in bulk systems exposed to atomic
oxygen at low temperature (200 K), whereas at high temperature (400 K), only surface gold
oxide species were observed. Following the findings by Min et al. [398], a reason for the
discrepancies found in the previous literature reports might be the different procedures used
to deposit atomic oxygen on gold surfaces (coverage and sample temperature).
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B. Chemical stability of Au2 O3 upon CO dosing: surface versus subsurface oxide.

In order to gain insight into whether surface and subsurface gold oxide species co-exist
in our pre-oxidized size-selected Au NPs supported on SiO2 and TiO2 , we dosed the samples
with CO and monitored the decomposition of gold oxide species by XPS. Figure 6.9 shows
XPS spectra from the Au-4f core level region of our four samples (see Table 6.2 for details)
after O2 -plasma at 150 K (i) and after subsequent 4500 L (ii) and 9000 L (iii) CO dosing at
room temperature (samples #1, #2 and #3) and at 200 K (sample #4). Because the gold
oxide compounds formed on sample #4 were found to decompose thermally upon annealing
at RT, in order to separate gas- from thermally-induced decomposition of gold oxide, the
CO dosing on sample #4 was done at 200 K.
In Fig. 6.9(a) [sample #1, Au(∼5 nm)/SiO2 ], it can be seen that the relative Au3+ contribution to the XPS spectra decreases upon CO dosing (ii), because of Au2 O3 decomposition
as a result of CO2 formation. Note, however, that the Au3+ signal does not disappear completely, even after a 9000 L CO exposure (iii), suggesting that subsurface Au-oxide species,
or highly stable oxidic compounds at the Au NP-support interface are present. For sample
#1, the intensity ratio of the Au3+ /Au0 4f7/2 core levels is 1.05 ± 0.04 after O2 -plasma (i),
0.68 ± 0.03 after 4500 L CO dosing (ii), and 0.52 ± 0.02 after a subsequent 4500 L CO exposure (iii). As expected, the decrease in the Au3+ intensity is accompanied by an increase
in the Au0 XPS signal. A similar trend was observed for sample #2 [Au(∼5 nm)/TiO2 ] in
Fig. 6.9(b), although the decay in the Au3+ /Au0 ratio after 4500 L CO dosing was smaller
(from 0.66 ± 0.04 after O2 -plasma to 0.56 ± 0.03 after CO dosing). Samples #3 [Au(∼5
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Figure 6.9: XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Au-4f core level of Au
NP sample with size: (a),(b) ∼5 nm and (c),(d) ∼1.5 nm supported on SiO2 (a),(c) and
TiO2 (b),(d). The spectra shown in (a),(b),(c) were measured at RT after low temperature
(150 K) O2 plasma exposure (PO2 = 5.5 × 10−5 mbar, 100 min) (i), and after subsequent CO
dosing at RT (ii) 4500 L, and (iii) 9000 L. The same O2 -plasma conditions were used in (d)
(sample #4), but the CO dosing was conducted at ∼150 K and the XPS spectra acquired
at ∼200 K.
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nm)/SiO2 ] and #4 [Au(∼1.5 nm)/TiO2 ] display Au3+ /Au0 ratios of 1.8 ± 0.3 and 1.7 ±
0.2 immediately after O-exposure (i) and 1.0 ± 0.2 and 1.4 ± 0.3 after CO exposure (ii),
respectively. Because CO is only expected to react with weakly bound oxygen species and
surface gold oxide [398, 423], the residual Au3+ signal measured for all samples after high
CO dosing indicates that subsurface oxygen or interfacial oxidic compounds are present in
all samples.
Recent DFT calculations by Shi and Stampfl [410] on O/Au(111) revealed that the most
energetically favorable configuration is an ultrathin surface-oxide-like structure (∼0.31 ML
oxygen coverage) with O atoms quasi-threefold coordinated to Au, and gold atoms at the
surface twofold linearly coordinated to O. This structure was found to be significantly more
stable (up to 420 K at atmospheric pressure and up to 200 K under UHV conditions) than onsurface chemisorbed oxygen or atomically adsorbed oxygen. Furthermore, for higher oxygen
coverages (>0.5 ML, as is our case), mixed on-surface + subsurface structures were found
to be more favorable than pure on-surface adsorption.

C. Size-dependent O2 desorption.

Arrhenius plot

The size-dependent differences in the reduction of Au-O compounds, formed upon room
temperature atomic oxygen exposure, were studied by TPD. Figures 6.10(a) and (b) show
O2 desorption signals (open circles) measured on (a) sample #1 [Au/SiO2 , 4.9 nm] and (b)
sample #3 [Au/SiO2 , 1.7 nm] after an O2 plasma treatment (PO2 = 2.3 × 10−5 mbar for 15
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min). The dashed lines display control experiments conducted on Au-free SiO2 substrates
exposed to analogous O2 plasma treatments.
Two major differences between our XPS and TPD investigations should be noted. First,
the XPS samples were exposed to atomic oxygen at 150 K, while the TPD samples were
dosed with O at 300 K (in order to minimize the adsorption of residual gas background).
According to previous studies [398], after such RT plasma treatment the formation of bulk
Au oxide is not favorable, and the TPD features described below should be attributed mainly
to the desorption of chemisorbed oxygen and the decomposition of surface Au2 O3 . Second,
while the TPD samples were subjected to a fast annealing cycle (80 s), the XPS samples
were successively annealed from 300 to 600 K maintaining the sample temperature fixed for
10 min at 350 K, 400 K, 450 K, 500 K, 550 K and 600 K, Fig. 6.4.
A desorption peak at 401 K (σ state) was observed for the SiO2 substrate, Fig. 6.10(a),(b).
Oxidized Au NPs on SiO2 showed two characteristic desorption peaks: one at ∼404 K (σ
state from the substrate), and another (γ state) at ∼555 K for sample #1 (∼5 nm Au NPs)
and ∼584 K for sample #3 (∼1.5 nm Au NPs). Our TPD data indicate a size-dependent
O2 desorption in which smaller NPs show higher desorption temperatures (γ state). As expected, this size-dependence is only observed for the γ state because the σ state was assigned
to O2 desorption from the substrate and the same SiO2 support was used for both samples.
This is in agreement with previous O2 TPD desorption studies conducted by Bondzie et al.
[432, 456] on Au evaporated on TiO2 (110). They observed higher desorption temperatures
(Tmax = 645 K) for smaller Au NPs (∼0.35 ML Au coverage) as compared to larger Au
NPs (Tmax = 520 − 545 K) (> 6 ML Au). Using Redhead analysis and assuming n = 1 and
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Figure 6.10: O2 TPD spectra (open circles) from samples #1 (a) and #3 (b) after an insitu O2 plasma treatment at room temperature (2.3 × 10−5 mbar for 15 min). A linear
heating ramp with β = 5 K/s has been used. The data obtained on a Au-free SiO2 substrate
subjected to an identical O2 plasma treatment are also displayed for reference (dashed line).
The arrows indicate the temperatures corresponding to peak maxima for O2 desorption.
Plots of [ln(dθ/dt) − n ln θ] versus 1/T are shown for several choices of kinetic desorption
order “n” for two average particle sizes of Au NPs deposited on SiO2 : (c) ∼5 nm and (d)
∼1.5 nm.
ν1 = 5.5×1012 s−1 , they reported activation energies for O2 desorption of 1.6 eV (Tmax = 645
K) and 1.3 eV (Tmax = 520 K) for 0.35 and >0.6 ML thick Au islands, respectively.
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In order to obtain the reaction order for O2 desorption, we employed the method described
by Saliba et al. in Ref. [424]. Figures 6.10(c) and (d) show plots of [ln(dθ/dt) − n ln θ]
versus 1/T for samples #1 and #3 after O2 plasma. Here, θ represents the oxygen coverage
and r = dθ/dt the desorption rate. In such a plot, a linear appearance of the desorption
data indicates that the correct desorption order (n) has been selected. Furthermore, the
desorption energy (Ed ) can be extracted from the slope of the plot. As can be seen in Fig.
6.10(c), the curve obtained for the large NPs is not linear for any of the chosen reaction
orders n, which prevents us from using this graph to extract an activation energy (Edes ).
and pre-exponential factor (ν) for this complex process.
For small NPs, Fig. 6.10(d), the best fit was tentatively given by two desorption orders:
n = 1.5 or n = 2, with desorption energies of 1.2 ± 0.1 and 1.6 ± 0.1 eV, respectively.
The data in Fig. 6.10(d) could not be fitted by first-order desorption kinetics. Despite the
good agreement of the linear fit to our data assuming n = 1.5, the physical meaning of an
intermediate reaction order is unclear. This type of non-integer reaction order may be due
to a mixture of first- and second-order processes occurring simultaneously, see for example
the work by Suemitsu et al. [427] on the desorption of hydrogen from Si(100) surfaces.
Although our samples have relatively narrow NP size distributions, a small number of large
NPs were observed in sample #3, Fig. 6.2(e). Therefore it is possible that the “mixed”
(n = 1.5−2) reaction order determined for sample #3 is due to the presence of some large NPs
displaying n=1 kinetics (similar to the large NPs on sample #1), and a majority of small NPs
displaying n = 2 kinetics. Additionally, as pointed out by Temel et al. [428], conventional
first and second-order equations constitute two very simplified models for describing reaction
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rates in which several important physical parameters, including the presence of different
adsorption sites (steps, kinks, terraces), vacancy creation upon annealing, lateral interactions
between adsorbates, and adsorbate diffusion are neglected. In our case, the situation is
further complicated by metal-support interactions that appear to play a role in the Au2 O3
decomposition as well as by the presence of two different Au oxide species.

Heating rate variation (HRV)

Figures 6.11(a) and 6.11(b) show a series of O2 desorption spectra obtained from ∼5 nm
high Au NPs (sample #1) and ∼1.5 nm NPs (sample #3), respectively, as a function of the
heating ramp (β) from 0.1 to 5 K/s. These sizes correspond to the NPs described before
(Ref. [256]). The samples were pre-exposed for 15 min to atomic oxygen produced by an
O2 -plasma source with an O2 pressure of 2.0 × 10−5 mbar. The initial oxygen coverage was
kept constant, and coverages of θ0 = 0.22 ± 0.06 monolayers (ML) for the 5 nm NPs and
θ0 = 0.26 ± 0.05 ML for the ∼1.5 nm NPs were obtained by integrating the second peak
(γ in Fig. 6.11) of the respective TPD desorption spectra. Note that in these studies θ0
denotes the relative atomic oxygen coverage on Au. The adsorbate coverage in ML in our
system can be estimated by using morphology data obtained from AFM measurements on
our samples. From the measured NP height distribution and NP areal density, and using the
known near-hemispherical particle shape found in TEM measurements we have calculated
the total Au surface area for each sample. Assuming an areal density of Au surface atoms of
∼ 2 × 1015 atoms/cm2 (a typical number for Au(110) [286, 431]), the Au atomic density in
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Figure 6.11: Series of O2 TPD spectra obtained on (a) ∼5 nm (sample #1) and (b) ∼1.5
nm (sample #3) Au NPs deposited on SiO2 for a constant initial O coverage of 0.22 ML and
0.26 ML, respectively. The heating rate (β) has been varied from 0.5 to 5 K/s.

our samples was found to be 1.4 × 1014 atoms/cm2 (∼5 nm NPs) and 2.0 × 1013 atoms/cm2
(∼1.5 nm NPs). It should be noted that these numbers are one to two orders of magnitude
smaller than the Au surface densities calculated for continuous Au films due to the only
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partial Au coverage of the SiO2 substrate. For each sample, a coverage of 1 ML is defined as
one oxygen atom per Au surface atom. The temperature dependent O2 pressure detected by
our mass spectrometer was converted to molecular flux in O2 molecules per cm2 per second
using the gas effusion equation. Note that in this conversion one must use room temperature
(298 K), rather than the sample temperature. Subsequently, these fluxes were converted to
ML/s using the previously described definition of 1 ML, and taking into account the fact
that each detected O2 molecule corresponds to two oxygen atoms. All ML coverages were
obtained from the integration of the second desorption peak (γ, ∼ 550 − 585 K) in Fig. 6.11,
since as was mentioned before the first peak (σ, ∼ 400 K) originates from the SiO2 substrate.
The desorption energy and pre-exponential factor of the γ peak have been obtained here
using the HRV method [286, 437, 438]. As can be seen from eq. (1.18), the activation
energy for desorption can be obtained without making any assumptions on the desorption
order. However, an assumption needs to be made on the desorption order if one intends to
2
calculate the pre-exponential factor. Fig. 6.12 shows the corresponding ln(T̃max
/β̃) versus

1/Tmax graphs for large (∼5 nm high, sample #1) and small (∼1.5 nm, sample #3) NPs.
Using the HRV method, activation energies for O2 desorption of 1.2 ±0.1 eV and 1.7 ±0.1 eV
were obtained for our large (∼5 nm) and small (∼1.5 nm) Au NPs, respectively. Throughout
this dissertation, the error bars indicated correspond to the statistical error resulting from
the corresponding linear fits. It should be noted that these error margins are much smaller
than the differences observed in activation energy with particle size. The activation energy
obtained for the small NPs (∼1.5 nm) using this method is very similar to the value of
1.6 ± 0.1 eV that we previously obtained (Fig. 6.10) based on the linear fit of the Arrhenius
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Figure 6.12: ln(T̃max
/β̃) versus 1/Tmax plots obtained from the heating rate variation data

displayed in Fig. 6.11. The data correspond to the O2 desorption state labeled as γ. Data
from two Au NP/SiO2 samples are shown: sample #1 (∼5 nm height) and sample #3 (∼1.5
nm height). The open squares correspond to the data obtained on sample #1, while the
open circles and triangles correspond to two sets of measurements conducted on sample #3.

plot observed for n = 2 in a single-TPD spectrum. The initial oxygen coverage on both
samples was similar, with an average θ0 = 0.26 ML on the ∼1.5 nm NPs in the HRV data,
and 0.31 ML in the TPD spectrum of Ref. [256] (β = 5 K/s) for an analogous sample. For
the 5 nm NPs, Ed could not be extracted from Fig. 6.10 since no linear fit was obtained for
the Arrhenius plot.
First-order kinetics were assigned to the desorption of O2 from Au(111) and Au(110)
after atomic oxygen exposure (for high oxygen coverages) by Saliba et al. [424] and Sault
et al. [426]. Similar results were recently obtained by Deng et al. [425] based on O2
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TPD studies on Au(111). In the latter case, the peak temperature of O2 desorption at
550 K was independent of oxygen coverage, and it was attributed to a pseudo-first-order
reaction. Assuming that the behavior of our large Au NPs [Fig. 6.11(a)] follows first order
kinetics, as has been indicated above for certain oxygen coverages on bulk Au crystals [424–
426, 429, 430], we can obtain the pre-exponential factor for this system using the HRV
2
method from the intercept with the y-axis of the least-squares linear fit to the ln(T̃max
/β̃)

versus 1/Tmax data. It should be noted that the desorption rate of O2 from bulk Au surfaces
might display an apparent linear dependency on the adsorbate coverage due to adsorbateadsorbate interactions or compensation effects [441, 448]. Using n = 1 in the HRV method
and Ed = 1.2 eV, a pre-exponential factor of 1 × 1010±1 s−1 was obtained for our large NPs
(∼5 nm). This value is slightly lower than what has been previously reported for bulk Au
single crystals [424, 426]. However, it should be emphasized that the desorption of O2 from
Au NPs might be different from that of bulk Au surfaces due to a higher density of surface
defects, on the NPs, the presence of facets with various crystal orientations [451], additional
particle-support interactions, and distinct surface phonons in the NPs [252] that could affect
the desorption curve and the corresponding apparent pre-exponential factor.
In addition, second order O2 desorption has also been reported for bulk Au systems
[285, 286]. If one considers that n = 2 might describe the behavior of our large Au NPs, the
initial adsorbate coverage must be known in order to obtain the pre-exponential factor. For
an oxygen coverage θ0 of 0.22 ML (θmax ≈ 0.1 ML) and assuming n = 2, a pre-exponential
factor ν2 of 4 × 1010±1 ML−1 s−1 was obtained for the ∼5 nm NPs from the HRV method.
This value is lower than that previously reported by Gottfried et al. [286] for Au(110) (∼
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Figure 6.13: Oxygen uptake curve on ∼5 nm Au NPs (sample #1) after different RT O2
plasma exposure times.

2×1013 ML−1 s−1 ). For the small Au NPs (∼1.5 nm), the Arrhenius plot of ln(−dθ/dt)−n ln θ
versus 1/T in Fig. 6.10(d) indicated that the desorption of oxygen can be described by a
second-order process. Thus, assuming n = 2 and an initial O coverage on Au, θ0 = 0.26 ML
(θmax ≈ 0.1 ML), a pre-exponential factor ν2 of 2 × 1015±1 ML−1 s−1 was obtained from the
HRV method for the ∼1.5 nm clusters. The resultant pre-exponential factor is in agreement
with the value of 7 × 1014±1 ML−1 s−1 that was obtained previously on this sample from the
Arrhenius plot of a single TPD spectrum [intercept with the y-axis in Fig. 6.10(d)] for n = 2,
after appropriate unit conversion.
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Complete analysis: coverage dependent O2 desorption

Previous studies on Au single crystals [286, 424, 429] have indicated that the kinetic
parameters of O2 desorption from pre-oxidized Au surfaces may depend on the adsorbate
coverage. In order to clarify this point, in addition to the heating rate dependent data, two
sets of O2 TPD spectra with a constant heating ramp of 5 K/s were acquired on the 5 nm Au
NPs (sample #1) and 1.5 nm Au NPs (sample #3) for a range of initial adsorbate coverages
(0.02 ≤ θ0 ≤ 0.26 ML). The evaluation of these experimental data has been carried out
using the complete analysis method [41, 437, 449]. Figure 6.13 shows the oxygen uptake
by Au NPs in sample #1 as a function of the oxygen plasma exposure time determined by
the integration of the γ TPD peak using a heating ramp of 5 K/s. The corresponding TPD
spectra are shown in Fig. 6.14(a) for the ∼5 nm Au NPs and in Fig. 6.15(a) for ∼1.5 nm
Au NPs. In the case of the 1.5 nm Au NPs (sample #3), due to the small intensity of the
γ peak (O2 desorption from Au) with respect to the substrate σ peak (O2 desorption from
SiO2 ), as well as to the partial overlap of these two desorption features, the complete analysis
method cannot be applied to the raw TPD data. For that reason our analysis is based on
background subtracted data [single peak features in Fig. 6.15(a)] of this sample. It should
be noted that large errors are expected in the kinetic parameters obtained for the small NPs
using the complete analysis method due to uncertainties in the choice of background.
Atomic oxygen coverage versus temperature plots obtained from the data shown in Figs.
6.14(a) (raw data) and 6.15(a) (background subtracted data) are displayed in Figs. 6.14(b)
and 6.15(b). The complete analysis method provides insight into the dependency of the

184

(a) 9

θ0 =0.26 ML

γ

Sample #1

(b)
0.30

Sample #1

6

0.25

σ

0.20
θ (ML)

O2 Partial Pressure (arb. units)

3

0.22 ML
6

0.12 ML

0.10

0.06 ML
0.05 ML

0.05

3

0.04 ML

0.00
500
6

θ'= 0.17 ML

0.15

520

540

0.17 ML

580

600

T (K)
T (K)

3

(c)
6

560

θ' = 0.12 ML

0.13 ML

-3.0

580

560

0.12 ML

520

Sample #1

-3.5

ln(-dθ/dt)

3
2 0.06 ML
1

0.17 ML

-4.0
-4.5

θ'= 0.04 ML

-5.0

0.8 0.02 ML

-5.5

0.05 ML
0.06 ML

0.4
0.0
300

540

-6.0
400

500

600

700

1.75

1.80

1000/T

Temperature (K)

1.85

1.90

(K-1)

Figure 6.14: (a) Coverage-dependent O2 TPD spectra obtained for a constant heating rate
of 5 K/s on ∼5 nm Au NPs (sample #1) deposited on SiO2 . From the integration of the
individual TPD spectra and after appropriate normalization, oxygen coverages on Au of 0.02
ML, 0.06 ML, 0.13 ML, 0.17 ML, 0.22 ML, 0.26 ML (from bottom to top) were obtained.
(b) Temperature-dependent evolution of the atomic O coverage on Au (sample #1). (c)
Arrhenius plot of ln(−dθ/dt) at different coverages θ′ (sample #1).
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activation energy and pre-factor on the adsorbate coverage. In the complete analysis, a
coverage θ′ is chosen (0 < θ′ < θ0 ) for which the kinetic parameters are to be determined,
and (−dθ/dt, T ) points corresponding to that fixed coverage are found in each TPD spectrum
[marked by solid lines in Figs. 6.14(a) and 6.15(a)]. This procedure was repeated for several
different values of θ′ , and for each of these, an Arrhenius plot of ln(−dθ/dt) versus 1/T is
made, as shown in Figs. 6.14(c) and 6.15(c). The slope of these curves yields the activation
energy for desorption for that particular oxygen coverage [Ed (θ′ )], while the pre-factor νn (θ′ )
is obtained from the intercept with the y-axis [ln νn (θ′ ) + nlnθ′ ], after assuming a value
for the desorption order. In principle, the desorption order, n, can also be extracted using
the complete analysis through a [ln νn (θ′ ) + nlnθ′ ] versus [ln θ′ ] plot, provided that a linear
dependency is observed. Unfortunately, both of our samples showed scattered intercept data,
preventing such analysis over the range of oxygen coverages investigated here. The results
from the complete analysis are compiled in Table 6.4. As an example, taking a coverage
θ′ = 0.12 ML and n = 1, a desorption energy of 1.3 ± 0.1 eV and a pre-exponential factor
6 × 1010±1 s−1 were obtained for our ∼5 nm NPs from the complete analysis. This result is
in agreement with the data obtained from the HRV method and the derivative of the PW
equation on sample #1 (1.2 eV and ∼ 1 × 1010 s−1 ). Repeating this analysis for different
choices of θ′ leads to significant variations in the obtained values of the activation energy
and the pre-factor (Table 6.4), suggesting that the kinetic parameters of this process in fact
depend on the adsorbate coverage. This result indicates that integral analysis methods such
as the Redhead method will not properly describe the kinetics of this desorption process.
Using the complete analysis on the TPD data of the ∼1.5 nm NPs (sample #3), very
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Figure 6.15: (a) Coverage-dependent O2 TPD spectra obtained for a constant heating rate
of 5 K/s on ∼1.5 nm Au NPs (sample #3) deposited on SiO2 . From the integration of
the individual TPD spectra and after appropriate normalization, oxygen coverages on Au
of 0.04.ML, 0.06 ML, 0.10 ML, 0.12 ML, 0.19 ML (from bottom to top) were obtained.
(b) Temperature-dependent evolution of the atomic O coverage on Au (sample #3). (c)
Arrhenius plot of ln(−dθ/dt) at different coverages θ′ (sample #3).
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large differences in the activation energies (1.2 ± 2.2 eV) and second-order pre-exponential
factors (1011 to 1019 ML−1 s−1 ) were obtained for different adsorbate coverages (0.02 ML
to 0.09 ML), Table 6.4. The ν2 values obtained for the largest θ′ coverages investigated are
excessively high. Such large differences could have at least partially a physical origin (as for
example interactions between mobile adsorbates), but might also be due to analysis artifacts
originating from the overlap between Au and SiO2 oxygen desorption features in this sample
(#3). In fact, the subtraction of the SiO2 background from the raw TPD spectra of this
sample [single-peak features in Fig. 6.15(a)] constitutes an additional source of error in the
complete analysis. Artificial compensation effects could also explain the wide range of values
of the pre-exponential factors and activation energies obtained on this system. The inherent
complexity of the present nanoscale system prevents the assignment of these effects to a
unique factor.
As was discussed in the analysis methods section of the introduction, it is possible to
extract the desorption order from a set of coverage-dependent O2 TPD spectra [286, 446].
The method is based on ln(−dθ/dt) versus ln(θ) plots conducted for a fixed temperature,
in which the slope should yield the desorption order, n. Such plot for the 5 nm Au NPs
(sample #1) is included in Fig. 6.16(a). From this graph, an apparent desorption order of
n ∼ 1 was calculated for the large Au NPs. The plot in Fig. 6.16(a) corresponds to the
following fixed temperatures: 561 K (n = 1.14 ± 0.07), 554 K (n = 1.01 ± 0.07), and 546 K
(n = 0.89±0.07). However, we would like to stress that this approximation is only valid if Ed
and νn do not depend on the coverage. A similar analysis was done based on desorption data
from the small Au NPs, Fig. 6.16(b). Here, the following desorption orders were obtained
188

at three given temperatures: 575 K (n = 0.54 ± 0.06), 585 K (n = 0.87 ± 0.05), and 595 K
(n = 0.98 ± 0.07). The n values obtained here are non-physical, suggesting that the last two
terms in eq. (1.20) must be significant. This could be an indirect proof of a strong coverage
dependency of the kinetic parameters of O2 desorption from small Au NPs supported on
SiO2 .

Redhead method

As was mentioned in the analysis methods section of the introduction, the Redhead
method can be used to obtain the desorption energy of a reaction for a fixed adsorbate
coverage, assuming that both the reaction order, and the pre-exponential factor are known
and independent of the coverage. From eq. (1.16), and assuming n = 1 and a pre-exponential
factor of 1 × 1013 s− 1 [436], Ed = 1.5 eV for the ∼5 nm Au clusters (sample #1). For the
same sample, assuming n = 2 and ν2 = 1 × 1013 ML−1 s−1 , eq. (1.17) leads to Ed = 1.4 eV.
For our small Au NPs (∼1.5 nm), assuming n = 1 and ν1 = 1 × 1013 s−1 , Ed = 1.7 eV. For
the same sample, taking n = 2 and ν2 = 1 × 1013 ML−1 s−1 , a desorption energy of 1.5 eV
was obtained. Again, the accuracy of these results is questionable, especially for the case of
the small NPs, since this method disregards the possible dependence of Ed and νn on the
adsorbate coverage.
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Figure 6.16: Plot of ln(−dθ/dt) vs ln(θ) for (a) ∼5 nm large Au NPs on SiO2 (sample #1) at
the following constant temperatures: 561 K (squares), 554 K (circles), 546 K (triangles); and
(b) ∼1.5 nm Au NPs (sample #3) at: 595 K (squares), 585 K (circles), 575 K (triangles).
The fits indicate n ≈ 1 for the ∼5 nm large Au NPs, and n between 0.5 and 1 for ∼1.5 nm
Au NPs.
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Table 6.4: Summary on the kinetic parameters [desorption order, desorption energy and pre-exponential factor] obtained
from our O2 TPD measurements on ∼5 nm (sample #1) and ∼1.5 nm (sample #3) Au NPs deposited on SiO2 using
different analysis methods. The values with

∗

indicate the assumptions made by each analysis method. θ indicates the

relative O coverage on Au.

Sample
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Au NPs ∼5 nm/SiO2

Analysis method

desorption

desorption

pre-exponential factor

order (n)

energy (Ed )

(νn )

Arrhenius
HRV

comments

no linear fit
∗

n=1

1.2 ± 0.1 eV

1 × 1010±1 s−1

θ0 = 0.22 ML,
β = 0.1 ∼ 5 K/s

Redhead

∗

n=2

1.2 ± 0.1 eV

4 × 1010±1 ML−1 s−1

∗

n=1

1.5 eV

∗

1 × 1013 s−1

θ0 = 0.22 ML,
β = 5 K/s,
Tmax = 555K
Continued on next page

Table 6.4 – continued from previous page
Au NPs ∼5 nm/SiO2
complete analysis

1 × 1013 ML−1 s−1

∗

n=2

1.4 eV

∗

∗

n=1

1.3 ± 0.1 eV

1 × 1011±1 s−1

θ0′ = 0.04 ML,
β = 5 K/s

1.3 ± 0.1 eV

6 × 1010±1 s−1

θ0′ = 0.12 ML,
β = 5 K/s

1.5 ± 0.1 eV

6 × 1012±1 s−1

θ0′ = 0.17 ML,
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β = 5 K/s
∗

n=2

1.3 ± 0.1 eV

3 × 1012±1 ML−1 s−1

θ0′ = 0.04 ML,
β = 5 K/s

1.3 ± 0.1 eV

5 × 1011±1 ML−1 s−1

θ0′ = 0.12 ML,
β = 5 K/s

1.5 ± 0.1 eV

4 × 1013±1 ML−1 s−1

θ0′ = 0.17 ML,
β = 5 K/s

Continued on next page

Table 6.4 – continued from previous page
Au NPs ∼5 nm/SiO2

ln(−dθ/dt) vs ln(θ)

n = 1.0±0.1

β = 5 K/s,
Tmax = 555 K

simulation

n=1

1.5 eV

1 × 1013 s−1

θ0 = 0.22, β = 5
K/s

Au NPs ∼1.5 nm/SiO2

Arrhenius

n=2

1.6 ± 0.1 eV

7 × 1014±1 ML−1 s−1

θ0 = 0.31 ML,
β = 5 K/s
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HRV

∗

n=2

1.7 ± 0.1 eV

2 × 1015±1 ML−1 s−1

θ0 = 0.26 ML,
β = 0.7 ∼ 5 K/s

Redhead

∗

n=2

1.5 eV

∗

1 × 1013 ML−1 s−1

θ0 = 0.26 ML,
β = 5 K/s,
Tmax = 584 K

complete analysis

1 × 1014 ML−1 s−1

∗

n=2

1.6 eV

∗

∗

n=2

1.2 eV

3 × 1011±1 ML−1 s−1

θ0′ = 0.02 ML,
β = 5 K/s

Continued on next page

Table 6.4 – continued from previous page
Au NPs ∼1.5 nm/SiO2

1.3 eV

3 × 1012±1 ML−1 s−1

θ0′ = 0.035 ML,
β = 5 K/s

2.0 eV

2 × 1018±1 ML−1 s−1

θ0′ = 0.05 ML,
β = 5 K/s

2.2 eV

1 × 1019±1 ML−1 s−1

θ0′ = 0.09 ML,
β = 5 K/s
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simulation

∗

n=2

1.7 eV

1.2 × 1014 ML−1 s−1

θ0′ = 0.31 ML,
β = 5 K/s

Numerical simulation of the PW equation

Figure 6.17 contains raw TPD spectra of oxygen desorption from ∼5 nm large Au NPs on
SiO2 (sample #1, θ0 = 0.22 ML, squares) and ∼1.5 nm (sample #3, θ0 = 0.31 ML, circles)
together with spectra simulated using the PW equation (solid lines), eq. (1.15). The best fit
to the experimental data was obtained for the following kinetic parameters: n = 1, Ed = 1.5
eV and ν1 = 1 × 1013 s−1 for sample #1, and n = 2, Ed = 1.7 eV, and ν2 = 1.2 × 1014
ML−1 s−1 for sample #3. The simulations indicated that the O2 -desorption from our large
Au NPs can best described by first-order kinetics, while a second-order kinetic equation was
found to properly describe the TPD data obtained on the small NPs. For the large NPs,
the values of the kinetic parameters extracted from the simulations are in good agreement
with the results obtained from the Redhead and complete analysis methods. In the case of
the small NPs, our Arrhenius plots for a fixed coverage, the Redhead, and HRV methods
provide results in accord with the simulations.
Strict quantitative analysis of our systems requires a more elaborated expression for the
rate of desorption than the PW equation. Dynamic Monte Carlo simulations might be
good candidates to improve our understanding of desorption processes at the molecular level
[451–454].
For comparison, we have included in Table 6.4, O2 desorption kinetic parameters obtained
from our experimental data on ∼5 nm (sample #1) and ∼1.5 nm (sample #3) Au NPs
deposited on SiO2 using different methods: Arrhenius plots for a fixed initial adsorbate
coverage, HRV [438], complete analysis [437], and the Redhead method [436].
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Figure 6.17: Numerical simulation of the PW equation (solid lines) on ∼5 nm large Au NPs
on SiO2 (sample #1, θ0 = 0.22 ML, squares) and ∼1.5 nm (sample #3, θ0 = 0.31 ML,
circles). The best fit was obtained for the following kinetic parameters: n = 1, Ed = 1.5 eV
and ν1 = 1 × 1013 s−1 for sample #1, and n = 2, Ed = 1.7 eV, and ν2 = 1.2 × 1014 ML−1 s−1
for sample #3.

Further Discussion

We would like to emphasize that the system under investigation here, namely supported
nanometer-sized catalysts, is a complex system and complex reaction kinetics are expected.
Therefore, care should be taken when comparing the kinetic parameters obtained from our
TPD experiments to those previously reported on Au single crystal surfaces. For example,
different activation energies and pre-exponential factors have been reported in the literature
for Au single crystals with different surface terminations [424–426, 430, 431, 433], and our
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faceted Au NPs certainly include several of these orientations.
Our TPD results on large Au NPs (∼5 nm) supported on SiO2 are in closest agreement
with the data obtained by Parker et al. [429] and Saliba et al. [424] after exposing a Au(111)
surface to ozone (Ed = 1.24 eV, ν1 = 2.7 × 1011 s−1 for θ = 0.22 ML). The similarity in the
kinetic parameters obtained may be related to the presence of a (111) terrace on the top of
Au NPs as observed in STM studies [455]. The O2 TPD desorption peaks from Parker et al.
[429] and Saliba et al. [424] were found to be asymmetric, resembling a first-order kinetic
behavior over the entire coverage range (0.03−1.2 ML) under study [424]. For small coverages
(θ0 = 0.03 ML), a desorption energy and first-order frequency of 1.0 eV and 5.5 × 1011 s−1 ,
respectively, were obtained, while for intermediate coverages (θ0 = 0.22 ML) an increased
Ed = 1.24 eV and ν1 = 2.7 × 1011 s−1 were found.
Furthermore, good qualitative and quantitative agreement also exists between our TPD
data and those obtained by Campbell’s group on pre-oxidized Au islands deposited on
TiO2 (110) [456]. Using the Redhead analysis method and assuming n = 1 and ν1 = 5.5×1012
s−1 , they reported activation energies for O2 desorption of 1.97 eV (Tmax = 741 K), 1.70 eV
(Tmax = 645 K), and 1.44 eV (Tmax = 520 K) for one-, two-, and six-atom thick Au islands,
respectively [431, 432, 456]. In analogy to our experimental data, the highest Ed was also
found for the smallest Au islands investigated. It is important to note that our results were
obtained on Au NPs deposited on SiO2 , while the data fom Campbell’s group [431] were obtained on Au NPs supported on TiO2 . Although NP-support interactions could in principle
lead to indirect size-dependent changes in Ed , it seems unlikely that these would affect the
desorption process identically on different substrates. We therefore conclude that the change
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in the activation energy detected on NPs of different average size is directly related to the
NP size, and not to NP-support interactions.

6.3.2

PtO2 and PtO

Morphological characterization (AFM).

Figure 6.18 displays AFM images of size-selected Pt NPs supported on SiO2 (4 nm)/Si(100)
(a,b), ZrO2 (15 nm)/Si(100) (c), ZrO2 (6 nm)/Si(100) (d), and TiO2 (6 nm)/Ti(9 nm)/Si(100)
(e,f) taken after in-situ O2 -plasma exposure at RT (a),(e), and after subsequent isochronal
annealing in UHV from 350 to 1000 K in 50 K steps for 10 min. (b),(c),(d),(f). The corresponding NP height histograms are shown in Fig. 6.19. Particle size distributions of 2.6
± 0.4 nm [2.7 ± 0.4 nm], 1.6 ± 0.5 nm [1.9 ± 0.5 nm], and 3.3 ± 0.6 nm [1.2 ± 0.3 nm]
were obtained for Pt/SiO2 , Pt/ZrO2 (15 nm), and Pt/TiO2 , respectively, after oxygen plasma
[after annealing in UHV at 1000 K]. The Pt/ZrO2 (6 nm) sample displayed a particle distribution of 2.1 ± 0.6 nm after annealing in UHV at 1000 K, Fig. 6.18(d). No significant
change in the average NP height is observed for the Pt/SiO2 and Pt/ZrO2 systems after
annealing in vacuum, but a strong reduction in the apparent particle height is observed for
Pt/TiO2 . The former effect is attributed to the change in the morphology of the ultrathin
TiO2 film upon annealing and the encapsulation of Pt by TiOx , as will be described later
based on XPS data. The initial, rough morphology of the ZrO2 and TiO2 substrates (see Fig.
6.20) is expected to induce errors in the estimation of the NP height on these substrates.
However, similar NP sizes as in the case of SiO2 are expected from our micelle encapsulation
NP preparation method. After sample annealing in O2 at 1000 K (PO2 = 1 × 10−4 mbar, not
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Figure 6.18: 1×1 µm2 tapping mode AFM images of (a,b) Pt/SiO2 (4 nm), (c) Pt/ZrO2 (15
nm), (d) Pt/ZrO2(6 nm), and (e,f) Pt/TiO2 (6nm)/Ti(9 nm) synthesized by the inverse
micelle technique. The images were acquired after O2 -plasma exposure (a,e), and after
isochronal annealing in UHV from 350 K to 1000 K for 10 min (b,c,d,f).
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Figure 6.19: Height distribution of Pt NPs deposited on (a-b) SiO2 , (c) ZrO2 (15 nm), (d)
ZrO2 (6 nm), and (e,f) TiO2 (6 nm)/Ti(9 nm) obtained from AFM images taken after O2 plasma treatments for polymer removal (a,e), and after annealing in UHV at 1000 K (b,c,d,f).
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Figure 6.20: Tapping mode AFM images of Pt-free (a) 15 nm, (b) 6 nm, and (c) 3 nm ZrO2
films and a (d) TiO2 (6 nm)/Ti(9 nm) film e-beam evaporated in vacuum (P = 1.0 × 10−6
Torr). The calculated RMS roughnesses are: (a) 0.3 ± 0.1 nm, (b) 0.2 ± 0.1 nm, (c) 0.11 ±
0.1 nm, and (d) 0.3 ± 0.1 nm.
shown), particle height distributions of 1.5 ± 0.2 nm and 2.3 ± 0.8 nm were obtained for
Pt/SiO2 and Pt/ZrO2 (15 nm), respectively. When the same treatment was applied to the
Pt-TiO2 sample an enhanced substrate roughness was observed, which made the distinction
between Pt NPs and TiOx clusters difficult (not shown).
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Electronic and Chemical Characterization (XPS).

A. Annealing in UHV.

The formation and thermal decomposition of oxidized platinum species on size-selected
Pt NPs supported on oxide substrates was studied by XPS after isochronal annealing in UHV
from 350 K to 1000 K in 50 K steps for 10 min. at each temperature. Figures 6.21, 6.22, 6.23,
and 6.24 show the complete set of XPS spectra from the Pt-4f core level region of our Pt
NPs supported on ultrathin SiO2 (4 nm), ZrO2 (6 nm), ZrO2 (15 nm), and TiO2 (6 nm)/Ti(9
nm) films, respectively, as a function of the annealing temperature. Figure 6.25 displays an
overview of selected XPS data from the above Pt NP samples. All spectra were measured
at room temperature (RT) after O2 -plasma (i), and subsequent annealing. Solid vertical
reference lines have been included in these Figs. 6.21, 6.22, 6.23, and 6.24 to indicate the
BEs of the 4f spin-orbit doublets of the different Pt species. A wide range of BEs have been
reported in the literature for different Pt species [503–506]. Among the reported values,
we have selected the Pt-4f7/2 BE reference lines that best describe the raw data that we
obtained on the Pt/SiO2 system, namely, 71.1 eV for Pt0 , 72.2 eV for PtO, and 73.8 eV for
PtO2 . Similar reference lines also fit the data obtained on the Pt/TiO2 system. However,
the XPS spectra obtained on the Pt/ZrO2 sample after O2 -plasma revealed peak positions
for Pt2+ (and Pt4+ ) species shifted by +1.0 eV (and +1.0 eV) on ZrO2 (6 nm) and +1.6
(and +1.9 eV) on ZrO2(15 nm), with respect to the reference values used for the Pt/SiO2
and Pt/TiO2 systems. These high BE values are in good agreement with the BEs measured
by our group on similarly prepared Pt NPs supported on nanocrystalline ZrO2 powder after
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pre-treatments in air or O2 [254, 255, 259]. The observed difference might be attributed
to the larger thickness of the ZrO2 support employed (6 nm) as compared to SiO2 (4 nm),
which is expected to lead to enhanced charging effects. No electron flood gun was used for
charge compensation during these XPS measurements.
It should be mentioned that the experimental distinction of some of the Pt oxide species
is challenging. For example, a Pt species with XPS BE of ∼73.6 eV (Pt-4f7/2 ) has been
previously reported by others and assigned to Pt3 O4 [507, 508]. The same authors attribute
a BE of 72.2 eV to PtO and 72.4 eV to PtO2 . The assignments are even more complicated
when clusters are considered, since positive BE shifts with respect to bulk references may be
observed due to electronic initial and final-state effects as well as charging [246, 249, 254].
Figure 6.26 shows the effect of the annealing on the chemical composition and oxidation
state of the NP supports monitored by XPS. Spectra of the Pt-free (solid lines) and Ptdecorated supports (open circles) [Si-2p, Zr-3d, and Ti-2p] are shown simultaneously for
comparison purposes. The vertical lines indicate the reference values of the most common
oxidation states of the stoichiometric and partially reduced SiO2 [509, 510], ZrO2 [511, 512],
and TiO2 [513, 514] supports, as well as the possible alloys that can be formed with Pt (e.g.
Pt-Ti-O).

− Pt/SiO2
Figure 6.21 demonstrates that the ∼2.6 nm Pt NPs on SiO2 (sample #Pt1) are completely
oxidized upon exposure to O2 -plasma, spectrum (i), with PtO (Pt2+ -4f7/2 at 72.3 ± 0.1 eV,
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Figure 6.21: XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Pt-4f core level of Pt
NPs (∼2.6 nm) supported on SiO2 oxidized by an O2 -plasma treatment (i). The temperaturedependent spectra shown follow the decomposition of Pt oxide species after isochronal annealing in UHV from 350 to 1000 K for 10 min (ii)-(xv). Solid vertical reference lines
signalize the BEs of the spin-orbit doublets (Pt-4f7/2 ,Pt-4f5/2 ) characteristic of the different
Pt species extracted from the literature values. Least-square fits to the data conducted after
background subtraction are also shown.
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Figure 6.22: XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Pt-4f core level of
Pt NPs (∼2.1 nm) supported on ZrO2 (6 nm). The temperature-dependent spectra shown
follow the formation and thermal stability of Pt oxide species after (i) O2 -plasma exposure
at RT and subsequent in-situ isochronal annealing treatments in UHV from 350 to 1000 K
in 50 K steps (for 10 min. at each temperature) in UHV (ii-iv). Solid vertical reference lines
signalize the BEs of the spin-orbit doublets (Pt-4f7/2 ,Pt-4f5/2 ) characteristic of the different
Pt species extracted from the literature values. Least-square fits to the data conducted after
background subtraction are also shown.
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Figure 6.23: XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Pt-4f core level of Pt
NPs (∼1.6 nm) supported on ZrO2 (15 nm) oxidized by an O2 -plasma treatment (i). The
temperature-dependent spectra shown follow the decomposition of Pt oxides after isochronal
annealing in UHV from 350 to 1000 K for 10 min (ii)-(xv). Solid vertical reference lines
signalize the BEs of the spin-orbit doublets (Pt-4f7/2 ,Pt-4f5/2 ) characteristic of the different
Pt species extracted from the literature values. Least-square fits to the data conducted after
background subtraction are also shown.
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Figure 6.24: XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Pt-4f core level of
Pt NPs (∼3.3 nm) supported on TiO2 (6 nm)/Ti(9 nm) oxidized by O2 -plasma treatments
(i). The temperature-dependent spectra shown follow the decomposition of Pt oxides after
isochronal annealing in UHV from 350 to 1000 K for 10 min (ii)-(xv). Solid vertical reference lines signalize the BEs of the spin-orbit doublets (Pt-4f7/2 ,Pt-4f5/2 ) characteristic of
the different Pt species extracted from the literature values. Least-square fits to the data
conducted after background subtraction are also shown.
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Figure 6.25: XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Pt-4f core level of
Pt nanoparticles (∼2 nm) supported on (a) SiO2 (4 nm), (b) ZrO2 (6 nm), and (c) TiO2 (6
nm)/Ti(9 nm) thin films. The temperature-dependent spectra shown follow the formation
of Pt oxide species after (i) O2 -plasma exposure at RT and subsequent in-situ isochronal
annealing from 350 to 1000 K in 50 K steps for 10 min. Selected annealing temperatures
are shown (ii-iv). Solid vertical reference lines signalize the BEs of the spin-orbit doublets
characteristic of the different Pt species from the literature values. Least-square fits to the
data conducted after background subtraction are also shown.
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Figure 6.26: XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Si-2p, Zr-3d, and Ti-2p
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33%) and PtO2 (73.8 ± 0.1 eV, 67%) as the main oxide species. Annealing up to 500 K
resulted in a gradual decrease of the PtO2 signal accompanied by an increase in PtO, Fig.
6.21(v). Further annealing above 550 K lead to the decomposition of PtO to Pt0 , Fig.
6.21(vi)-(xv). In agreement with previous literature [461, 482, 483], our XPS data indicate
that the direct decomposition of PtO2 into Pt0 is not observed; instead, PtO2 is first reduced
to an intermediate oxide species, most likely PtO according to the measured BEs, and then
to Pt0 . Complete decomposition of PtO2 and PtO species was observed (within the error of
our fits) above 700 K and 800 K, respectively. No substantial changes in the BE of the Pt0
and Pt2+,4+ species with respect to the reference values were observed right after O2 -plasma
of the subsequent annealing [515].
Figure 6.26(a) displays the Si-2p core level region of our Pt-free (full line) and Pt-coated
(solid circles) SiO2 (4 nm)/Si(100) support. Due to the reduced thickness of our SiO2 film
the XPS signal from the underlying Si wafer (at 99.3 eV, Si-2p3/2 ) can also be detected at
all temperatures. In Fig. 6.26(a)(i)(open circles), the BE of the SiO2 component from the
Pt/SiO2 sample is 103.1 eV after atomic oxygen exposure, and it increases slightly to 103.5
eV upon annealing at 1000 K. The slightly lower BE observed for the Si4+ peak directly after
the O2 -plasma treatment (for both, coated and uncoated substrates) may be attributed to
−
the presence of different ionic oxygen species (O2− , O2−
2 , O2 ) on the surface of the oxide

support. No reduction of the ultrathin SiO2 films was observed up to 1000 K.
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− Pt/ZrO2
In contrast with the Pt/SiO2 case, an analogous O2 -plasma exposure of similarly-sized
Pt NPs deposited on ZrO2 (6 nm) (sample #Pt2), Fig. 6.22(i), revealed clearly distinct
oxidation trends. Two Pt species were used to fit the data in Fig. 6.22(i): PtO (23.7%,
Pt-4f7/2 at 73.2 eV), and PtO2 (76.3%, 74.8 eV). As was mentioned before, the BEs of the
PtO and PtO2 species in the Pt/ZrO2 (6 nm) system are shifted positively with respect to
those in Pt/SiO2 by +1.0 eV. In parallel, a negative BE shift of −1.9 eV with respect to our
ZrO2 reference (Zr4+ -3d5/2 = 183.2 eV) was observed on the Zr-3d region of the Pt/ZrO2
sample (open circles) directly after O2 -plasma exposure, Fig. 6.26(b). Such a negative shift
in the Zr-3d peaks is also observed for the Pt-free sample (solid lines) after O2 -plasma, but
to a lesser degree. On both samples, the bulk-like value of the Zr-3d XPS BE was achieved
after annealing above 500 K. Above that temperature, the gradual reduction of PtO2 to PtO
and subsequently to Pt0 was observed. Complete reduction of PtO occurred at 750 K.

− Pt/TiO2
Figure 6.24 shows XPS spectra from Pt NPs deposited on TiO2 (6 nm)/Ti(9 nm)/Si(100)
(sample #Pt3) after O2 -plasma and subsequent annealing in UHV up to 1000 K. The latter
treatment resulted in the complete oxidation of the NPs, with ∼ 35% PtO and ∼ 65% PtO2 ,
Fig. 6.24(i). The Pt oxide peaks in sample #Pt3 (4f-7/2 ) appear at 72.4 eV (Pt2+ ) and 74.2
eV (Pt4+ ), analogously to the case of the Pt/SiO2 system. Upon annealing, Fig. 6.24, a
gradual decomposition of PtO2 to PtO (400 K) and subsequently to Pt0 [spectrum (v), 500
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K] is observed. No PtO2 species are detected above 550 K and PtO is completely reduced
above 600 K. Metallic Pt species are present in this sample above 400 K. Nevertheless, a
positive shift of the BE of the Pt component previously assigned to metallic Pt is observed
above 550 K, signalizing the formation of a Pt-Ti-O or Pt-Ti alloy (Pt-4f7/2 at 71.9 eV at
750 K versus 71.2 eV at 500 K) [Fig. 6.24(x),(xv)]. This effect correlates with the onset of
TiO2 reduction at 600 K (not shown) that leads to a stronger Pt/TiO2 interaction and the
encapsulation of Pt by TiOx [516].
Figure 6.26(c) shows the Ti-2p core level region of the Pt/TiO2 (6 nm)/Ti(9 nm)/SiO2 /Si(100)
substrate (open circles, sample #Pt3) and the corresponding Pt-free substrate (solid line).
After O2 -plasma exposure, a majority of Ti4+ is detected on both samples. However, due
to the reduced thickness of our TiO2 support film (∼6 nm based on cross sectional TEM
images [256]), lower oxidation states of Ti can also be observed, including a small metallic
Ti signal from the underlying substrate (more visible on the Pt-free support). In these XPS
spectra, reference lines for the different Ti-2p3/2 species have been included, with Ti0 at
454.0 eV, Ti2+ at 455.6 eV, Ti3+ at 457.6 eV, and Ti4+ at 458.4 eV. After atomic oxygen
exposure a small contribution of Ti3+ was observed in both samples, most likely from the
Ti0 −TiO2 interface [Fig. 6.27 shows least-square fits of the data in Fig. 6.26(c)]. Upon
annealing, the thin TiO2 film (Ti4+ ) was observed to decompose easily, with an increase of
the Ti3+ component from ∼ 5% after O2 -plasma to ∼ 40% after annealing at 500 K, Fig.
6.24(v). Further increase in the temperature results in a gradual increase of the Ti2+ signal,
accompanied by a decrease of the content of Ti3+ and Ti4+ species, Fig. 6.26(c)(iii). In
addition, no increase in the Ti0 component was observed up to 1000 K, but the appearance
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Figure 6.27: XPS spectra (Al-Kα = 1486.6 eV) corresponding to the Ti-2p core level of (a)
TiO2 and (b) micellar Pt NPs supported on TiO2 .
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of TiC (Ti-2p3/2 at 454.8 eV, shaded spectral area at low BE) and Ti-Pt (Ti-2p3/2 at 458.2
eV, shaded area at high BE species were detected in our spectra, Fig. 6.27(b)(iii)-(iv). The
presence of TiC in these samples at 750 K is also corroborated by the sudden appearance of
a C-1s XPS signal (not shown) at 281.8 eV [249]. The C present on the surface of sample
#Pt3 (Pt-NP/TiO2 film) after annealing is believed to segregate from the underlying Ti
film/SiO2 /Si(100) interface, since the Ti film was deposited ex-situ on an untreated Si-wafer
before NP dip-coating [420]. Adventitious carbon and carbonyl species (C=O and O=C-O)
[517–519] are known contaminants of such native Si substrates. A similar TiO2 reduction
behavior was observed for the Pt-free substrate, also with the appearance of TiC above 600
K, Fig. 6.26(c)(iii) and Fig. 6.27(a). As expected, no Pt-Ti features can be observed on this
sample at 1000 K, Fig. 6.27(a)(iv), corroborating our assignment of the Ti-2p peaks at 458
eV and 463.9 eV to the 2p3/2 and 2p1/2 BEs of a Pt-Ti or Pt-Ti-O alloy as well as to the
possible encapsulation of Pt by TiOx . This is also in agreement with the changes observed
in the sample morphology measured by AFM, Fig. 6.18(d).

B. Annealing in O2 .

The thermal decomposition of oxidized platinum species on size-selected Pt NPs supported on oxide substrates was also studied by XPS after annealing under an O2 environment (PO2 = 1 × 10−4 mbar). Figure 6.28 shows a set of XPS spectra from the Pt-4f core
level region of our Pt NPs supported on ultrathin SiO2 (4 nm) (a), ZrO2 (15 nm) (b), and
TiO2 (6 nm)/Ti(9 nm) (c) films as a function of the annealing temperature. All spectra were
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measured at RT after O2 -plasma (i), and after annealing in O2 at 500 K (ii), 750 K (iii), and
1000 K (iv).

− Pt/SiO2
Figure 6.28(a) shows a similar PtO2 and PtO decomposition pattern that of the PtNP/SiO2 sample annealed in UHV, Fig. 6.21.

− Pt/ZrO2
Pt-NP/ZrO2 (15 nm) (sample #Pt5) annealed in O2 , Fig. 6.28(b), shows a different Pt
oxide XPS decomposition pattern as compared to its counterpart annealed in vacuum, Fig.
6.23. In fact, Pt oxide species are much more stable in the former sample. The spectrum
acquired after annealing sample #Pt5 at 500 K, Fig. 6.28(b)(ii) shows ∼ 24% Pt0 (Pt-4f7/2
at 72.1 eV), ∼ 37.1% Pt2+ (74 eV), and ∼ 38.9% Pt4+ (75.7 eV). Further annealing from
550 to 750 K leads to a positive shift in the Pt0 BE (+0.7 eV) and an increase in its relative
content (∼ 42.5%), with ∼ 36.8%, Pt2+ and ∼ 20.7% Pt4+ . Subsequent annealing from 800
to 1000 K leads to the decrease in the Pt4+ content (∼ 9%) and the increase in the total
Pt0 signal (∼ 60.7%), while maintaining the Pt2+ content nearly constant (∼ 30.3%). This
demonstrates the enhanced stability of the PtO phase on ∼ 2 nm Pt NPs upon annealing
in O2 . The Pt-4f7/2 BE values of Pt0 (72−73 eV), Pt2+ (74−74.2 eV), and Pt4+ (75.7−75.9
eV) are in good agreement with the BEs measured within our group for similarly prepared
Pt NPs supported on nanocrystalline ZrO2 powder [259, 263, 264].
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Figure 6.28: XPS spectra corresponding to the Pt-4f core level region of Pt NPs (∼2 nm)
supported on (a) SiO2 (4 nm), (b) ZrO2 (15 nm), and (c) TiO2 (6 nm)/Ti(9 nm) thin films.
The temperature-dependent spectra shown follow the formation and thermal stability of Pt
oxide species after (i) O2 -plasma exposure at RT and subsequent in-situ isochronal annealing
treatments from 350 to 1000 K in 50 K steps (for 10 min at each temperature) under an O2
environment (1×10−4 mbar) (ii-iv).
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The data were acquired after isochronal annealing in O2 (1×10−4 mbar) from 350 to 1000
K. Contrary to the case of the analogous samples annealed in UHV [Fig. 6.26], no reduction
of ZrO2 and TiO2 supports was observed.
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− Pt/TiO2
The Pt/TiO2 (sample #Pt3) also shows a very different behavior when annealed in O2 ,
Fig. 6.28(c), as compared to vacuum, Fig. 6.24. In particular, no Pt-Ti alloy formation is
observed upon annealing in O2 at 1000 K, Fig. 6.28(c)(iv). This result is attributed to the
lack of O-vacancies in the TiO2 support when the samples are annealed in O2 .
The effect of the annealing on the chemical composition and oxidation state of the NP
supports was also monitored by XPS. Figure 6.29 shows representative XPS spectra of the
Si-2p (a), Zr-3d (b), and Ti-2p (c) core levels of Pt/SiO2 , Pt/ZrO2 and Pt/TiO2 samples,
respectively, acquired after annealing in O2 at 1000 K. Our XPS data reveal the lack of
reduction of any of the supports under our experimental conditions. This is in contrast with
our observations for the TiO2 support after annealing in UHV, Fig. 6.26(c)(iii). No changes
in the chemical composition of the SiO2 support were observed neither after O2 annealing,
Fig. 6.29(a), nor after annealing in UHV, Fig. 6.26(a).

C. Influence of the thickness of the oxide support (ZrO2 ) on the stability of Pt
oxides

As was described in a previous section, for a given constant Pt NP size, large positive
BE shifts were observed when Pt NPs were deposited on ZrO2 as compared to SiO2 and
TiO2 . Such effect appears to indicate significant sample charging in the case of ZrO2 . Since
the conductivity of ZrO2 is better than that of SiO2 , the enhanced charging observed for
the former system might be related to the different thickness of the oxide support. The
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stability of the different Pt oxide species appears to be influenced by the thickness of the
oxide support.
With the aim of understanding the origin of the high BEs observed for the Pt/ZrO2
system, Fig. 6.22, the thickness of the ZrO2 support has been varied while keeping the Pt
NP size constant. Figure 6.30 shows temperature-dependent XPS spectra from the Pt-4f
core level region of Pt NPs deposited on ZrO2 films of the following thicknesses: (a) 3 nm,
(b) 15 nm, and (c) 30 nm, acquired after annealing in UHV from RT to 1000 K. After
O2 plasma treatment, the BEs (Pt-4f7/2 ) and content of the different Pt oxide species in
the Pt/ZrO2 (3 nm) sample are: Pt2+ (26.9%, 72.5 eV), and Pt4+ (73.1%, 74.1 eV), Fig.
6.30(a)(i). These BEs are only slightly higher than those observed for the SiO2 and TiO2
supports. In addition to Pt2+ (28.7%, 74.5 eV) and Pt4+ species (52.9%, 75.7 eV), a small
signal from Pt0 (18.4%, 72.5 eV) was observed on the Pt/ZrO2 (15 nm) sample after O2 plasma exposure, Fig. 6.30(b)(i). Interestingly, higher BEs values than those of Pt/ZrO2 (3
nm) [Fig. 6.30(a)(i)] and Pt/ZrO2 (6nm) [Fig. 6.22(i)] were observed for the Pt/ZrO2 (15
nm) sample. The BEs values of Pt2+ and Pt4+ species on the Pt/ZrO2 (30 nm) sample, Fig.
6.30(c)(i), are similar to those of Pt/ZrO2 (15 nm), namely, Pt2+ (33.1%, 74.1 eV), and Pt4+
(66.9%, 75.6 eV), indicating the maximum value of our charging effects (+1.8 eV). The same
trend of higher BEs for the different Pt species when the NPs are deposited on the thicker
ZrO2 supports is also observed after annealing.
Figure 6.31 shows the Zr-3d core level region of Pt/ZrO2 (open circles) and Pt-free ZrO2
(full lines) samples with different ZrO2 thicknesses. For all films, the complete oxidation of
ZrO2 (Zr4+ ) was observed after O2 -plasma exposure. Interestingly, after annealing at 1000
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Figure 6.30: XPS spectra corresponding to the Pt-4f core level region of Pt NPs (∼2 nm)
supported on ultrathin ZrO2 films of the following thicknesses: (a) 3 nm, (b) 15 nm, and
(c) 30 nm. The samples were initially exposed to an O2 -plasma treatment at RT and subsequently isochronally annealed in-situ from 350 to 1000 K in 50 K steps for 10 min at each
temperature. The XPS spectra were measured after atomic oxygen exposure (i), and after
annealing in UHV at 500 K (ii), 750 K (iii), and 1000 K (iv).
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Figure 6.31: XPS spectra corresponding to the Zr-3d core level region of Pt-coated (open
circles) and Pt-free (solid lines) ultrathin ZrO2 films of the following thicknesses: (a) 3 nm,
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and subsequently isochronally annealed in-situ from 350 to 1000 K in 50 K steps for 10 min.
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and 1000 K (iv) are shown.
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K, the partial reduction of the ZrO2 support was only observed for the Pt/ZrO2 (15 nm)
sample, Fig. 6.31(b)(iii), and not for the Pt-free film of identical thickness or the other
Pt-NP/ZrO2 samples. The same sample was also characterized by lower BEs of the Zr-3d
peaks as compared to the Pt-free 15-nm thick pure ZrO2 support. ZrO2 is known to exhibit
different structural polymorphs. The most common ones are monoclinic, orthorhombic,
cubic, and tetragonal. Film thicknesses, annealing, stress, grain size, and impurities are
known to induce changes between those phases [520, 521] and the structure of the support
has been shown to influence its XPS BE as well as that of the supported metal NPs .

Discussion.

A. Annealing in UHV.

In a previous article from our group we reported the influence of the NP size on the
stability of Pt oxides formed on similarly prepared Pt NPs deposited on nanocrystalline
powder TiO2 supports [254] after annealing in air at 773 K. In that example, the smallest
NPs (∼4 nm) were found to be the ones that could be reduced from Pt4+,2+ to Pt0 more
easily. A subsequent study from our group on micellar Pt NPs deposited on nanocrystalline
CeO2 , TiO2 , SiO2 , ZrO2 , and Al2 O3 revealed that NP/support interactions could also affect
the stability of oxidized Pt compounds formed upon sample annealing in air [255]. However,
due to the 3D nature of those NPs and their nanocrystalline supports, and to the lack of
control of the oxygen dosing in that study, open questions remained related to the origin of
the distinct thermal stability of PtO and PtO2 species, and a more in-depth temperature222

dependent study was found to be necessary. Similar trends were also observed when oxidized
Au NPs supported on SiO2 and TiO2 were heated in UHV [256]. For a nearly identical
initial particle size distribution, Au2 O3 compounds formed on these NPs were found to be
more stable when the clusters were deposited on SiO2 , as compared to TiO2 [256]. In the
latter case, it was suggested that oxygen vacancies formed on the TiO2 surface upon sample
annealing were replenished by O atoms spilling-over to NP/support interface.
The effect of the oxide support on the thermal stability of Pt oxide species formed on
size-selected supported Pt NPs will be discussed here. According to our XPS data, the
following trend describes the thermal stability of the different ultrathin film supports used
in our studies from highest to lowest: SiO2 > ZrO2 > TiO2 /Ti. Although the SiO2 and
ZrO2 thin film supports have shown similar stability against thermal reduction, both oxides
present major differences with respect to their degree of ionic/covalent character [522], Zr
having a much more ionic character, which results in clearly different catalytic reactivity
[255].
Figure 6.32 shows the changes in the Pt-4f7/2 binding energy of the different Pt species
detected in the Pt/SiO2 (4 nm), Pt/ZrO2 (6 nm, 15 nm) and Pt/TiO2 (6 nm) samples as a
function of the annealing temperature in UHV. The closed symbols represent Pt0 (circles),
Pt2+ (triangles), Pt4+ (squares) and Pt-Ti alloy (rhombus). Strong NP/support interactions
were observed for the Pt/TiO2 system above 550 K, coinciding with the onset of TiO2
reduction. The formation a of Pt-Ti alloy in sample #Pt3 was signalized by a positive shift
in the Pt-4f7/2 BE observed between 500 K and 600 K. For the rest of the samples, PtO2
and PtO species coexist at low temperature (<600 K), with PtO being slightly more stable.
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Figure 6.33 displays the relative content (spectral areas) of the different Pt oxide and
Pt-Ti-O species present in our NPs after O2 -plasma exposure and subsequent annealing in
UHV. The same labels shown in Fig. 6.32 are used.

− Pt/SiO2
Figure 6.32(a) reveals the initial thermal decomposition of PtO2 to PtO, with a maximum
PtO content observed at 450 K. The latter temperature also corresponds to the onset of Pt0
formation. These data lead to the conclusion that the decomposition of Pt oxides is a
two-step sequential process, with two different activation barriers: PtO2 → PtO → Pt0 .
Similar conclusions were drawn by Seriani et al. [461] based on DFT calculations, although
in their case Pt3 O4 was identified as the intermediate Pt oxide species (PtO2 → Pt3 O4 →
Pt) [482, 483]. As was mentioned before, our XPS data do not allow us to distinguish PtO
from Pt3 O4 due to their expected proximity in binding energy, but we can conclude that
PtO2 is not the most stable oxide species on these small NPs [486]. Not only Pt-oxide
NPs are observed to follow the two-step thermal decomposition described above. Several
other systems display similar mechanisms, as for example SnO → Sn2 O3 → SnO2 → Sn
[523] and CuO → Cu2 O → Cu [524]. Some oxide formation reactions have also been shown
to follow a two step reaction mechanism. Demund et al. [525] studied the formation and
thermal stability of the Fe/ZnO(000-1) interface by XPS and found Fe0 → FeO → Fe2 O3
after sample annealing in vacuum. Interestingly, Fe2 O3 is observed to form only when the
maximum amount of FeO is present in these samples (e.g. at ∼648 K, when Fe0 has been
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completely oxidized) [525].
With increasing annealing temperature (above 500 K), the Pt2+ and Pt4+ signals decrease
gradually while the Pt0 component increases, reaching a maximum at ∼700 K. The complete
reduction of PtO2 is observed above 750 K, while a small signal of Pt2+ (∼ 9%) remains.
The strong stability of the PtO species on Pt/SiO2 as compared to Pt/TiO2 and Pt/ZrO2
might indicate the existence of not just surface, but also subsurface and/or interfacial Pt
oxides [515, 526]. It is likely that the surface Pt oxide species will decompose first, giving
rise to a protective Pt0 surface shell, surrounding an oxygen-rich NP core, that acts as
an oxygen-diffusion barrier. Similar effects were recently observed by our group during the
decomposition of Au2 O3 on SiO2 -supported Au NPs, where a Au3+ signal remained even after
annealing at 600 K [256]. The presence of subsurface oxygen on platinum was previously
described by other groups [526–530]. The possible enhanced stability of PtOx species at the
Pt/SiO2 interface still needs to be explored.
The BEs of our Pt species in the Pt/SiO2 NPs, Fig. 6.32(a), are higher than those
measured on a Pt(111) single crystal after exposure to the same O2 -plasma treatment (not
shown) [255]. This result is attributed to particle size effects [254] and is in agreement with
data from Zhou et al. [531] on 2.5 MLs of Pt deposited on a 5 nm SiO2 film, where a 70.9
eV BE was measured for Pt-4f7/2 right after Pt evaporation, and an additional +0.2 eV shift
after annealing at 850 K. The BE change detected by Zhou et al. [531] was attributed to
atomic Pt desorption and/or the change in the shape of the Pt islands (from large 2D islands
to smaller 3D clusters) resulting in a reduction of the Pt/Si ratio measured by XPS. In our
case, the nearly constant BE of the Pt species up to 1000 K also indirectly reflects that no
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significant changes in our NP size occurred at this elevated temperature.
Since according to Fig. 6.32(a) the peak positions assigned to Pt0 and Pt2+,4+ species
do not change with increasing annealing temperature, only minimal Pt/SiO2 interaction
appears to be present in this system [531]. This might be an indication of the 3D nature of
the NPs supported on SiO2 , with possible lower surface contact area than Pt/TiO2 NPs. As
has been previously reported, the high thermal stability of SiO2 (up to ∼1093 K) [510] makes
the formation of Pt-Si compounds unfavorable. [Negligible amounts of Si+ and Si2+ (< 3%)
were detected in our SiO2 /Si(100) support, Fig. 6.26(a)]. This is in contrast to the cases
where Pt is in direct contact with Si, readily forming platinum silicides (PtSi and Pt2 Si).
Si segregation into Pt(111) has also been observed at annealing temperatures between 750
and 1100 K [532]. Since the BEs of Pt2 Si and PtSi (Pt-4f7/2 at ∼72.5−73 eV) are very
similar to that of PtO in our NPs (72.3 eV) we cannot completely exclude the formation of
Pt-silicides at elevated annealing temperatures. However, such effect (if any) is minor, since
the maximum possible PtO (or Pt2 Si) detected on our samples above 750 K was 3%.

− Pt/ZrO2
Similar to the Pt/SiO2 case, Figs. 6.32(b) [Pt/ZrO2 (6 nm)] and 6.32(c) [Pt/ZrO2 (15
nm)] show the initial stabilization of PtO and PtO2 species after O2 -plasma exposure. The
onset of PtO2 decomposition occurs above 350 K. In parallel, the PtO content was found
to increase above that temperature, signalizing the PtO2 → PtO decomposition process. A
further increase in the annealing temperature leads to the complete decomposition of PtO
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to Pt0 at 750 K on ZrO2 (6 nm) and at 650 K on ZrO2 (15 nm).
By following the thermal evolution of the Pt-4f BEs, Fig. 6.32(c), a positive BE shift
(+0.8 eV) is observed for the lowest BE component (Pt0 ) in the Pt/ZrO2 (15 nm) sample
above 550 K. This effect indicates significant Pt/ZrO2 interaction. First principle calculations
by Jung et al. [533] on Pt/ZrO2 (111) and Pt4 /ZrO2(111) systems demonstrated strong Pt-Zr
interfacial interactions and charge transfer from Pt to Zr atoms. Furthermore, although free
Pt clusters (Pt13 and Pt55 ) show a symmetric charge distribution with negatively charged
surface and positively charged core, ZrO2-supported Pt clusters displayed an asymmetric
charge distribution, with a more positively charged core shifting towards the interface with
ZrO2 [533, 534]. Nevertheless, the preferential adsorption of Pt atoms on oxygen sites in
ZrO2 (111) and ZrO2 (011) has been reported by Alfredsson et al. [535], and contrary to the
previous study, no evidence for charge transfer at the Pt/ZrO2 interface was found. Instead, a
charge polarization effect was evoked. He et al. [536] attributed the high thermal stability of
their Pt NPs (∼1.4 nm) supported on ZrO2 to Pt-O interactions in a ZrO2 matrix. Our XPS
data suggest a facile interaction of the micellar Pt NPs with the underlying ZrO2 substrate
and metal-support interaction through both, Zr or O sites are possible. The possibility of
having a small content of Pt-Zr and/or Pt-Zr-O alloy at the NP-support interface cannot
be ruled out for the Pt/ZrO2 (15 nm) system, since some ZrO2 reduction (an increase of the
Zr3+ component) was observed in the Zr-3d XPS region, Fig. 6.31(b)(iii). The temperature
range of 773 to 873 K has been reported as the onset temperature for alloy formation in
Pt/ZrO2 [537–539]. In our studies, the easier reduction of the ZrO2 film due to its limited
thickness could play a role in the earlier onset of Pt-Zr-O alloy formation (550 K).
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− Pt/TiO2
Figure 6.32(d) shows a similar two-step Pt oxide decomposition pattern for Pt/TiO2 (6
nm)/Ti(9 nm) (sample #Pt3) as compared to Pt/SiO2 (sample #Pt1). However, the maximum in the Pt2+ content is observed to occur at a slightly lower temperature (∼400 K).
With increasing annealing temperature, the onset of Pt-Ti alloy formation is observed at
∼550 K, Figs. 6.24, 6.26(c) and 6.27(b). The formation of a Pt-Ti-O alloy is based on the
observation of positive BE shifts for the Pt-4f7/2 and Ti-2p3/2 components. The Pt-4f7/2
peak of the Pt-Ti-O alloy component is observed to shift +0.7 eV with respect to the Pt0
reference line (71.1 eV). The Ti-2p3/2 of the Ti-Pt-O alloy component shifts +4.2eV from
the Ti0 reference line (454.0 eV). Chen et al. [540] observed XPS BE shifts of +0.4 eV and
+1.3 eV for the Pt-4f and Ti-2p peaks, respectively, of Pt3 Ti(111) with respect to the same
two references. The much larger change in the Ti-2p BE of our samples is attributed to the
presence of O in Pt-Ti-O alloys. Calculations by the same authors indicated the existence
of a minor charge transfer from Ti to Pt and the hybridization of Pt-5d and Ti-3d electronic
states. The strength of the Pt-Ti bond was observed to be higher than that of the Pt-Pt
and Ti-Ti bonds. In our studies, the assignment of the Pt-Ti-O BE was done comparing the
XPS spectra of the Pt/TiO2 /Ti sample [Fig. 6.26(c)(open circles)] to those of the Pt-free
TiO2 /Ti film [Fig. 6.26(c)(solid line)] after annealing at the same temperatures.
The Pt/TiO2 system has received great attention in the past due to the observation of
strong metal support interaction (SMSI) effects [467, 516], leading to the presence of an
ultrathin TiOx film covering the Pt surface [465–468, 541, 542]. For example, a study by
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Hsieh et al. [543] on Ti/Pt(100) showed that the topmost surface layer was composed by
pure Pt atoms after annealing in UHV at 1000 K. Zhang et al. [544, 545] studied SMSI effects
on a Pt/TiO2 -thin film upon annealing under an oxidizing environment. Pt was observed to
diffuse and substitute Ti atoms in the TiO2 lattice upon annealing in air at 673 K, becoming
oxidized to Pt2+ . Sun et al. [541] compared the encapsulation phenomena on Pt(2−2.5
nm)/TiO2 systems with stoichiometric and reduced TiO2 substrates. On the stoichiometric
support, annealing above 773 K resulted in the formation of Pt islands, with the underlying
TiO2 support remaining fully oxidized. On the contrary, when Pt(2.5 nm)/TiOx (110) was
annealed above 773 K, migration of reduced Ti oxide to the Pt surface and encapsulation was
reported. Our AFM images acquired before and after annealing at 1000 K, Fig. 6.18(c),(d),
indicate a significant increase in the roughness (RMS changes from 0.3 ± 0.1 to 0.46 ± 0.07
nm) of the TiO2 surface (thin film sample) in sample #Pt3 with increasing temperature,
which could facilitate the diffusion of TiOx on top of the Pt NPs. Such an effect was much less
pronounced when the Pt NPs were deposited on the more stable stoichiometric TiO2 (110)
single crystal surface [262]. In addition, while the Pt XPS signal was not found to decrease
upon annealing in vacuum at 1000 K, a much lower apparent NP height (1.2 ± 0.3 nm) was
measured by AFM after annealing, suggesting the encapsulation of Pt by TiOx .

B. Annealing in O2 .

Figure 6.34 shows the changes in the Pt-4f7/2 BEs and Fig. 6.35 those of the relative
content of the different Pt species as a function of the annealing temperature in an O2

231

Pt/SiO2 (a)

76
4+

Pt

74

Pt

Pt-4f7/2 Binding Energy (eV)

72

76

Pt

2+
0

Pt

Pt/ZrO2(15 nm) (b)

4+

Pt

74

2+

72
0

Pt

Pt/TiO2 (c)

76
4+

Pt
74

2+

Pt
72
70

Pt

0

300 400 500 600 700 800 900 1000

Temperature (K)

Figure 6.34: Temperature dependence of the Pt-4f7/2 XPS binding energies of Pt NPs (∼2
nm) supported on (a) SiO2 (4 nm), (b) ZrO2 (6 nm), and (c) TiO2 (6 nm)/Ti(9 nm) extracted
from the fits the XPS spectra displayed in Fig. 6.28. The samples were in-situ annealed in
O2 (PO2 = 1 × 10−4 mbar).

232

100 (a) Pt/SiO2
4+

δ+

Pt Atomic Concentration (%)

75

Pt

Pt

0

50 Pt2+
25
0
100 (b) Pt/ZrO2(15 nm)
75

Pt

4+

2+

Pt

50
25

0

Pt

0
100 (c) Pt/TiO2
75
50

0

Pt
4+

Pt

2+

25
0

Pt

300 400 500 600 700 800 900 1000

Temperature (K)

Figure 6.35: Temperature dependence of the relative content (spectral area) of Pt NPs (∼2
nm) supported on (a) SiO2 (4 nm), (b) ZrO2 (6 nm), and (c) TiO2 (6 nm)/Ti(9 nm) extracted
from the fits the XPS spectra displayed in Fig. 6.28. The samples were in-situ annealed in
O2 (PO2 = 1 × 10−4 mbar).
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environment. The Pt/SiO2 and Pt/TiO2 samples show similar trends in which a gradual
decomposition of Pt4+ to Pt2+ , with an increase of the Pt0 content is observed. However,
stable Pt2+ species (up to 1000 K) were detected on the Pt/ZrO2 system, possibly due to
strong Pt-O-Zr interactions. As described previously, no drastic changes in the decomposition pattern of the Pt/SiO2 sample is observed upon annealing in UHV [Fig. 6.21] or O2
[Fig. 6.28(a)]. This shows the strong stability of the SiO2 film and a small interaction with
the supported Pt NPs. In clear contrast to the case of the Pt/TiO2 sample annealed in vacuum [Fig. 6.24], where Pt-Ti alloy formation was observed at high temperature, the lack of
O-vacancies in the TiO2 support upon annealing in O2 [Fig. 6.28(c)] results in the presence
of metallic Pt (and not Pt-Ti and/or Pt-Ti-O) in the same temperature regime.
Our previous data indicate that the stability of oxides on metal NPs supported on oxide
substrates is strongly dependent on the reducibility of the oxide support and annealing
environment [256]. These results emphasize the importance of the NP/support interface in
determining the physical and chemical properties of the supported NPs. For example, based
on XPS investigations, Guo et al. [546] reported the chemical stability of ZrO2 films (1−5
ML) deposited on Pd(110) annealed in 1.3 × 10−6 mbar of oxygen up to 1000 K. However,
under vacuum conditions the same ZrO2 films were found to reduce above 840 K, which
lead to Zr-Pd alloy formation [546]. In agreement with the previous study, the annealing of
our Pt NPs supported on ZrO2 in an O2 environment up to 1000 K, Fig. 6.28(b), neither
lead to ZrO2 reduction [Fig. 6.29(b)] nor to the formation of a Pt-Zr alloy. It did however,
result in the coexistence of three Pt species: Pt0 (42.5%, 72.8 eV), Pt2+ (36.8%, 74 eV),
and Pt4+ (20.7%, 75.8 eV), Figs. 6.34 and 6.35. These BE values are in agreement with
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those measured by our group on similarly prepared Pt NPs supported on nanocrystalline
ZrO2 powder [259, 263, 264]. In our studies, the high BEs observed on Pt/ZrO2 compared
to Pt/SiO2 and Pt/TiO2 are attributed to strong Pt-NP/ZrO2 interaction, as well as to
possible changes in the ZrO2 structure with increasing annealing temperature.

C. ZrO2 thickness dependence.

Figure 6.36 shows the evolution of the Pt-4f7/2 BEs and Fig. 6.37 that of the relative
content of three different Pt species in our Pt-NP/ZrO2 samples as a function of the thickness
of the ZrO2 substrate: Pt0 (circles), Pt2+ (triangles), and Pt4+ (squares). The data displayed
in (a) were obtained from XPS spectra acquired after an in-situ O2 -plasma treatment, (b)
after subsequent annealing in UHV at 500 K, and (c) at 750 K. A general increase in the BEs
of all Pt species is observed with increasing ZrO2 thickness after atomic oxygen exposure,
Fig, 6.36(a). However, the Pt-4f BEs measured on these samples after annealing at 500 K
and 750 K appears to be rather constant.
The most intriguing difference between the XPS data of the NPs deposited on ZrO2
versus those supported on SiO2 is the large BE shift (+1.8 eV) of the entire Pt-4f spectrum
of these samples after O2 -plasma exposure, Fig. 6.36(a). Interestingly, the strong positive
BE shifts observed in the Pt-4f region of the Pt/ZrO2 samples [e.g. Figs. 6.22(i) and 6.23(i)]
are accompanied by a negative shift in the Zr-3d region [see Figs. 6.26(b)(i) and 6.31(b)(i)].
Such a trend was also observed, but to a smaller degree, for the SiO2 substrate, with a −0.4
eV Si4+ -2p3/2 BE shift after O2 plasma, as well as a −0.7 eV shift for the Ti4+ -2p3/2 peak
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Figure 6.36: Dependence of the Pt-4f7/2 XPS binding energies of Pt NPs (∼2 nm) on the
thickness of the ZrO2 support films. The data were extracted from XPS spectra acquired
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of the Pt/TiO2 system. Several factors could influence the BE shift of the support towards
lower BEs and that of the metal NPs towards higher BEs after atomic oxygen exposure, as
for example morphological and stoichiometric changes in the support’s surface [547, 548], the
presence of hydroxyl groups [549], and the stabilization on the sample surface of different
+
+
2+
oxygen ionic species generated during our oxygen plasma exposure (O− , O−
2 , O , O2 , O

ions, free radical, O3 ) [550–552]. These shifts seem to be reversed after sample annealing. By
reviewing related literature, the BE shifts observed might indicate changes in the structure
and morphology of the oxide supports upon O2 -plasma exposure and subsequent annealing.
Gottardi et al. [553] reported shifts in the Zr-3d peaks of ZrO2 thin films deposited under
Ar-plasma and under a mixture of Ar/O2 (O2 > 3%) plasma. The exposure to Ar/O2 plasma
was observed to shift the Zr-3d peaks by −0.5 eV. XRD and AFM analysis of these samples
demonstrated that the ZrO2 films deposited under oxygen deficient conditions (Ar plasma)
are composed of polycrystalline nanograins (∼12 nm) with metastable tetragonal or cubic
phases. On the other hand, the addition of oxygen was found to transform their structure
into a stable monoclinic phase with smaller grain size (∼ 8 − 9.5 nm). Changes in the BEs of
the Au/TiO2 system have also been reported when TiO2 supports with different structures
were compared. For example, XPS data from Ho and Yeung [548] revealed +0.2 eV higher
BEs for Au/TiO2 (anatase) as compared to Au/TiO2 (rutile).
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6.4
6.4.1

Conclusions

Au2 O3

Thermal decomposition studies on O-precovered (150 K) Au NPs supported on SiO2
and TiO2 have been conducted by XPS. Clear differences in the stability and decomposition
kinetics of Au2 O3 were found as a function of the average particle size and nature of the oxide
support. The effect of the substrate was evidenced by a reduced stability of Au oxide on
Au NPs supported on TiO2 , a system where strong metal-support interactions are expected.
Here, oxygen spill-over from the cluster’s oxidized surface shell to O-vacancies, formed in the
reducible TiO2 substrate upon annealing, is suggested as a possible decomposition pathway.
Although both NP size and support were found to influence the stability of Au2 O3 , the
support effect is more pronounced, as evidenced by a very fast reduction of Au3+ in Au/TiO2 ,
and enhanced Au oxide stability in Au/SiO2 . Furthermore, nearly complete reduction of
small (∼1.5 nm diameter) NPs was observed at 300 K for Au/TiO2 and at 550 K for Au/SiO2 .
In contrast, for larger clusters only partial Au2 O3 decomposition was observed up to 600 K.
This suggests that, at least on the large NPs, two different oxygen species are present: surface
Au oxide, that decomposes at temperatures below 600 K, and bulk or subsurface oxide, that
is stable well above 600 K. In addition, for the small clusters the presence of surface and
subsurface oxide was confirmed by CO dosing experiments. A decrease in the Au3+ signal
and an increase in Au0 upon CO exposure indicated the reduction of surface Au oxide. The
observation of incomplete Au3+ reduction for CO dosings as large as 9000 L provided clear
support for the presence of a stable subsurface Au oxide species in all samples. Finally,
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TPD data obtained after room temperature atomic oxygen exposure revealed distinct O2
desorption temperatures on differently-sized Au NPs supported on SiO2 . A higher desorption
temperature (584 K) was observed for ∼1.5 nm clusters, as compared to 555 K for ∼5 nm
large clusters. These results indicate that the stability of Au oxide species strongly depends
on the cluster size.
Heating rate- and coverage-dependent TPD experiments on Au NPs/SiO2 yielded values
of Ed = 1.3 × 0.2 eV and ν1 = 1011±1 s−1 (averaged from Table 6.4) for first-order desorption
from large (∼5 nm) Au NPs and Ed = 1.3 ± 0.2 eV and ν2 = 1012±1 ML−1 s−1 with the
assumption of second-order desorption. The HRV and complete analysis methods provide
similar results for coverages in the range 0.04−0.17 ML on ∼5 nm Au NPs. The results
obtained on ∼1.5 nm Au NPs based on the HRV method (Ed = 1.7 ± 0.1 eV and ν2 ∼
2×1015±1 ML−1 s−1 ) are in good agreement with the values resulting from the Arrhenius plot
of a single TPD spectrum shown in Ref. [256] (n = 2, Ed = 1.6 ± 0.1 eV and ν2 = 7 × 1014±1
ML−1 s−1 ). However, scattered values of the kinetic parameters were obtained on this sample
based on the complete analysis, Ed = 1.7 ± 0.5 eV and ν2 = 4 × 1018±1 ML−1 s−1 (averaged
from Table 6.4 for n = 2), for coverages ranging from 0.02−0.09 ML. A careful review of
the literature shows that even for bulk Au, large variations in the pre-factor and desorption
energy were observed. Most of these variations can be attributed to the distinct analysis
methods employed. Our data on the small Au NPs indicate that conventional TPD analysis
models are only approximations that might not properly describe a system of the complexity
such as the one at hand.
Summarizing, independently of the analysis method used, our data provide evidence of
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clear size effects in the desorption of O2 from supported Au NPs, with higher activation
energies detected on the smallest NPs investigated. Furthermore, the excellent agreement
with previous data on Au clusters supported on a different oxide (TiO2 [431, 456] versus
SiO2 in the present study) indicate that support effects are not responsible for the distinct
activation energies obtained on NPs with different average size.
Our findings could have important implications on the performance of real-world catalysts. First, the catalytic activity of clusters is known to depend on their oxidation state,
making knowledge of the stability of oxide phases at elevated temperatures and on different
substrates of great technological relevance. Second, it has also been suggested that the toxicity of certain catalytic metal clusters upon release into the environment may depend on
their oxidation state. Future work will focus on the influence of the oxidation state on the
catalytic activity of these size-selected nanoscale systems.

6.4.2

PtO2 and PtO

We have described the important role played by the NP support on the thermal and
chemical stability of the different oxide species formed on size-selected Pt NPs upon in-situ
exposure to an O2 -plasma treatment at RT. The synthesis method employed here (micelle
encapsulation) allows the deposition of similarly-sized, isolated Pt NPs with narrow size
distributions on different supports (SiO2 , ZrO2 and TiO2 ultrathin films). Thus, size-effects
cannot be held responsible for the different behavior (Pt oxide stability) observed for these
NPs when supported on distinct substrates.
The following conclusions were extracted from our ex-situ AFM and in-situ XPS studies:
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(1) no significant changes in the NP size occur after annealing at 1000 K for the Pt/SiO2
system, while an apparent decrease in the particle height is observed for Pt/TiO2 . This is
attributed to the encapsulation of Pt by TiOx . The thermal stability of Pt/ZrO2 seems to
be similar to that of Pt/SiO2 , although the enhanced, initial roughness of the ZrO2 support
makes analysis of the NP size after annealing difficult. (2) Strong structural and chemical
changes in the ZrO2 support were inferred from our XPS data based on the detection of
positive BE shifts after O2 -plasma and subsequent sample annealing. Such changes lead to
significant Pt NP charging (positive Pt-4f BE shift), especially for ZrO2 thickness above 6
nm. (3) The most stable Pt oxide species on all three substrates was found to be PtO (or
Pt3 O4 , since they cannot be distinguished by XPS), becoming nearly completely reduced
at about 600 K. (4) A two-step thermal decomposition process was observed on all three
substrates: PtO2 → PtO (Pt3 O4 ) → Pt-metal. (5) Strong metal-support interactions were
detected for Pt/TiO2 above 550 K, with the formation of a Pt-Ti-O alloy.
Our observations of the enhanced thermal stability of Pt oxides on small NPs, and the
strong effect that the chemical nature of the oxide support has on this stabilization, are highly
relevant to the wide variety of applications Pt NPs have in real-world catalytic processes,
where oxidizing environments are likely to be present.
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CHAPTER SEVEN: FORMATION, THERMAL STABILITY
AND SEGREGATION PROCESSES IN SIZE-SELECTED
BIMETALLIC NANOPARTICLES: ELECTRONIC,
VIBRATIONAL, AND CATALYTIC PROPERTIES.
SYSTEMS: Aux Fe1-x /TiO2 (110) (x = 1, 0.8, 0.5, 0.2, 0).
Aux57 Fe1-x /TiO2 (110) (x = 0.5, 0.2).
Aux57 Fe1-x /SiO2 /Si(111) (x = 0.2).
REACTION: CO OXIDATION.
−A. Naitabdi, L.K. Ono, F. Behafarid and B. Roldán Cuenya, J. Phys. Chem. C 113
(2009) 1433-1446.
−B. Roldán Cuenya, L.K. Ono, J.R. Croy, A. Naitabdi, H. Heinrich, W. Keune, J. Zhao,
E.E. Alp and W. Sturhahn, Appl. Phys. Lett. 95 (2009) 143103.
7.1

Introduction

The physical and chemical properties of bimetallic systems have been found to differ
strongly from their corresponding monometallic analogues [554, 555] and have therefore been
the subject of intensive theoretical and experimental investigations [253, 556, 557]. In the
field of heterogeneous catalysis, oxide-supported bimetallic NPs have shown remarkably high
activity and selectivity. Several mechanisms are believed to be responsible for such enhanced
catalytic performance, including the presence of lower barriers for specific chemical reactions
[558] and improved resistance against poisoning and subsequent deactivation [559]. Combining two active metal catalysts in a single NP induces fundamental changes in their electronic
properties which are relevant for the activation of many reactions [557, 560]. In particular, charge-transfer between the two metals in a bimetallic system can favorably change the
binding energy of adsorbates [556, 558, 561, 562]. Additionally, the catalytic activity can
be tuned by systematically changing the composition of the elemental constituents in the
bimetallic NPs [563]. Among the binary nanoscale alloy systems, Au-Fe NPs have received
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less attention [564–569] due to the immiscibility of Au and Fe in the bulk. However, this is
an interesting material system for optical, magnetic, and biomedical applications including
drug delivery [569–572]. For example, DFT calculations by Sun et al. [569] revealed that the
magnetic moment of the Fe core in core(Fe)-shell(Au) NPs is significantly higher than that
of bulk Fe while the Fe-Fe coupling remained ferromagnetic, independent of the thickness of
the Au shell. In addition, the Au-coated Fe clusters were found to have an enhanced chemical stability against oxidation and coalescence, diminishing the probability of free radical
and thromboses formation in the human body [569]. Thus, in order to take advantage of
the biocompatibility and surface functionalization possibilities that this bimetallic system
presents, it is crucial to be able to understand the conditions under which stable core(Fe)shell(Au) NP structures can be experimentally obtained. Furthermore, Au-Fe NPs are also
considered promising catalytic systems for industrially relevant processes such as FischerTropsch reactions, methanol synthesis from syngas and high temperature CO oxidation. To
date, the high catalytic activity of gold NPs deposited on iron oxide has been demonstrated
for the oxidation of CO, C3 H8 , and C3 H6 [573–576], as well as the liquid-phase oxidation of
O-hydroxybenzyl alcohol [577], and ethylacetate combustion over Au and Fe NPs in a SiO2
matrix [578]. The reactivity of truly bimetallic Au-Fe NPs systems is still vastly unexplored.
Extensive theoretical studies have been dedicated to the understanding of effects that
govern the structure and composition of bimetallic NPs, including alloying, [579–581] segregation, [580, 582–586] cluster size, [587–589] melting temperature [590, 591], and surface
reconstruction [592]. In general, the segregation processes are explained in terms of the
atomic size mismatch and the surface energy difference between the metallic constituents.
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In addition, attention has been paid to how the chemical environment of the bimetallic system can affect segregation phenomena [593]. Further, under oxidizing conditions, the element
with the highest affinity for oxygen was found to have the highest tendency to surface segregation [593]. Although the melting of small metal NPs usually occurs at lower temperatures
than their bulk counterparts, the formation of an alloy through the introduction of a secondary metal component can stabilize the NPs and increase their onset melting temperature
above those of the individual constituents. MD simulations by Mottet et al. [590] showed
a considerable upward shift in the melting temperature of icosahedral Ag clusters when Ni
and Cu impurities were introduced. This effect was attributed to the release of stress in the
core, induced by the presence of Ni and Cu, leading to a superior stability of the clusters
against thermal effects. A similar effect will be discussed here for our Au0.8 Fe0.2 NPs.
Relatively few systematic experimental studies are available on the composition and
surface structure of bimetallic NPs [253, 558, 594–596]. Yi et al. [594] reported the formation
of a stable Pd-Au alloy in the temperature range of 427 o C−727 o C, with a Au-rich surface
[594]. By means of XPS and scanning tunneling spectroscopy (STS) measurements, our
group has recently monitored the formation and thermal stability of Au-Fe alloys in Au0.5 Fe0.5
NPs deposited on TiO2 (110) [253]. STS measurements by Naitabdi and Roldán Cuenya [253]
revealed that separated Au and Fe grains coexisted within an individual Au-Fe NP after
annealing at 300 o C. A Au-Fe alloy is formed upon annealing at 700 o C, with the marked
appearance of an iron d3z 2 −r2 electronic surface state. Further annealing at 900 o C resulted
in the disappearance of the Fe surface state and in a drastic decrease of the Fe XPS signal
[253]. The latter effects were attributed to the segregation of Au to the NP surface. In both
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examples, Au was the element with the lowest surface energy.
In section 7.3.1, ex-situ AFM, in-situ STM and XPS measurements will be used to
investigate the morphological and chemical stability of self-assembled size-selected Aux Fe1-x
(x = 1, 0.8, 0.5, 0.2, 0) NPs supported on TiO2 (110). Through the in-situ study, insight
will be gained into the onset of alloy formation as well as segregation and atomic desorption
phenomena in Aux Fe1-x NPs with different compositions. Comparisons will be made with
similarly synthesized pure Au and pure Fe NPs of similar average size. The outcome of
these studies is relevant for the catalysis scientific community, since a better understanding
of the composition and stability of bimetallic NPs under industrial reaction conditions (high
temperature) could shed light on the mechanisms of catalyst reactivity and deactivation.
The atomic vibrational dynamics and the related thermodynamic properties of binary
nanoscale alloys are widely unexplored. Generally, dramatic differences between the vibrational (phonon) density of states [PDOS, g(E)] of bulk materials and isolated NPs have
been reported [252, 632, 633]. Such modifications are of scientific and technological relevance because they profoundly affect the thermodynamic properties of the NPs. A detailed
knowledge of the PDOS is the key for the understanding of lattice specific heat, vibrational
entropy, and alloy phase stability [634]. In section 7.3.2, we present an experimental study
of the phonon spectrum of isolated, monodispersed, bcc and fcc Aux57 Fe1-x NPs via

57

Fe

NRIXS. Important thermodynamic properties of the NPs which are difficult to obtain by
other methods are derived.
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7.2

Experimental

Size-selected Aux Fe1-x NPs (x = 1, 0.8, 0.5, 0.2, 0) were prepared by reverse micelle
encapsulation [246] using PS(81000)-P2VP(14200) as diblock copolymer. Two metal salts,
(HAuCl4 ·3H2 O) and (FeCl3 ), were added simultaneously to the polymeric solution. Here,
the metal salt to P2VP weight ratio was 0.6. The two metal salts were added in molar
weight proportions leading to the formation of nominal Au0.8 Fe0.2 , Au0.5 Fe0.5 , and Au0.2 Fe0.8
NPs inside the micelles. Although changes in the individual Au/Fe concentration ratio of
NPs within the same sample are possible, compositional analysis carried out by XPS on
these samples after annealing at 300 o C revealed that Au/Fe concentrations averaged over a
sample region of 3.5 mm2 are in agreement with the nominal compositions targeted in our
synthesis.
A self-assembled monolayer of NPs was obtained on the TiO2 (110) substrate by dipcoating the single crystal into the gold-iron polymeric solution. Prior to the ex-situ NP
deposition, the rutile TiO2 (110) substrates were cleaned in UHV by several cycles of Ar+
sputtering at RT (1 keV, 5 µA) for 45 min and annealing at 900-1000 o C for 20 min. This
procedure was repeated until adequate substrate conductivity was obtained and large (1×1)TiO2 terraces were observed by STM. [597]
The removal of the encapsulating polymer was achieved by an in-situ (UHV) oxygenplasma treatment (O2 pressure = 4 × 10−5 mbar, 80 min). XPS measurements (Al-Kα,
1486.6 eV) conducted after the latter treatment corroborated the complete disappearance of
the polymeric C-1s signal (see Fig. 7.1). Subsequently, the samples were annealed in UHV
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Figure 7.1: XPS spectra from the C-1s core level region of Au-Fe nanoparticles deposited
on TiO2 (110). The data were acquired on the as-deposited sample (i) as well as after an
O2 -plasma treatment in UHV that resulted in the complete removal of the encapsulating
polymer (ii).

by electron bombardment in 100 o C intervals from 300 o C to 700o C for 20 min (per interval)
and from 800o C to 1000oC for 10 min (per interval). After each thermal treatment, XPS
spectra were acquired at RT. After the subtraction of a linear background, the XPS spectra
were fitted using Gaussian-Lorentzian line shapes with a small asymmetry term (CASA
XPS software). The Au-4f XPS data were fitted using two spin-orbit doublets (4f7/2 , 4f5/2 )
corresponding to metallic Au (84.6 eV, 88.3 eV) and Au3+ /Au-Fe alloy (86.9 eV, 90.6 eV).
The above BE values are higher than those previously reported for bulk Au (84 eV, 87.7 eV)
[400]. The origin of this difference will be discussed in the XPS section below. The Fe-2p
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spectra were fitted using three doublets (2p3/2 , 2p1/2 ) corresponding to Fe0 (706.9 eV, 720.0
eV), and Fe3+ /Au-Fe alloy/FeTiO3+δ (709.8 eV, 723.4 eV), with the corresponding Fe oxide
satellite peaks (720 eV, 734 eV) [598–601].
STM images were also measured following several of the annealing treatments after sample cooling to a stabilized temperature of 15 o C (STM). An electrochemically-etched W tip
was used for the STM measurements. The tip was cleaned in UHV by Ar+ sputtering before
each STM session.
In order to conduct additional morphological analysis over larger sample areas via atomic
force microscopy (AFM), a second set of samples was prepared using the same NP solutions
and an identical TiO2 (110) substrate pre-cleaned in UHV as described above.
Aux57 Fe1-x NPs with nominal compositions (x = 0.5, 0.2) were synthesized for NRIXS
measurements by loading PS-b-P2VP micelles with

57

FeCl3 (see section 2.1) and HAuCl4

salts. TiO2 (110) and SiO2 /Si(111) substrates were dip-coated into the metal-loaded polymeric solutions and the organic ligands removed in ultrahigh vacuum (UHV) via an O2 plasma treatment. The samples were then isochronally annealed in UHV at 300 o C, 500 o C,
700 o C, and 850 o C for 30 min. NRIXS measurements were performed at room temperature
(RT) in air at beamline 3-ID of the Advanced Photon Source (Argonne) by tuning the synchrotron beam energy around the resonant energy of 14.4125 keV of the

57

Fe nucleus with

an energy resolution of ∼1.2 meV. The details of NRIXS method and the data evaluation
for extracting g(E) are described in section 1.1.5.
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7.3
7.3.1

Results and discussion (AFM, STM, XPS, NRIXS)

Alloy formation, strong metal-support interactions and segregation phenomena at the nanoscale

A. Morphological characterization (AFM, STM).

Figure 7.2 displays ex-situ AFM images of (a) Au, (b) Fe, and (c−f) Au0.5 Fe0.5 NPs obtained after atomic oxygen exposure in UHV (a-c) and subsequent annealing of the Au0.5 Fe0.5
NPs at 500 o C (d), 700 o C (e), and 900 o C (f). A homogeneous surface coverage over large
sample regions is observed. The increased roughness of the air-exposed TiO2 (110) substrate
prevents us from obtaining accurate information of the NP size due to the difficulty of defining a common background for all NPs. Histograms of the AFM height distributions obtained
from Fig. 7.2 provided the following values: 4.3 ± 1.4 nm (pure Au), 4.3 ± 1.3 nm (pure
Fe), and 2.9 ± 1.3 nm (Au0.5 Fe0.5 ) after O2 -plasma treatment. The average AFM heights of
the Au0.5 Fe0.5 NPs after subsequent annealing are: 3.2 ± 1.3 nm at 500 o C, 4.1 ± 1.4 nm at
700 o C, and 2.5 ± 0.9 nm at 900 o C. The particles are arranged in a nearly hexagonal 2D
pattern, as can be seen in the STM images of Au0.5 Fe0.5 NPs (taken after annealing at 900
o

C) and the corresponding spatial autocorrelation plots of Fig. 7.3.
Our systematic AFM and STM studies indicate the stability of the spatial arrangement

of the Au0.5 Fe0.5 and Au NPS up to 900 o C, and Fe NPs up to 700 o C, with an average
interparticle distance dInt of 39 ± 9 nm (Au0.5 Fe0.5 at 900 o C, STM). The height (h) of the
NPs also remains stable up to at least 800 o C. A summary of the measured average particle
height (h) as a function of annealing temperature is shown in Fig. 7.4. As an example,
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Figure 7.2: AFM images of (a) Au, (b) Fe, (c-f) Au0.5 Fe0.5 NPs synthesized by inverse micelle
encapsulation in PS(81000)-PVP(42000) and supported on TiO2 (110). The images were
taken in air after polymer removal in UHV by an O2 -plasma treatment (a-c) and subsequent
annealing of the Au0.5 Fe0.5 NPs at 500 o C (d), 700 o C (e), and 900 o C (f).

for the Au0.5 Fe0.5 NPs only a moderate increase in the average NP height from h = 4.6
± 1.4 nm at 500 o C to h = 5.7 ± 1.3 nm at 900 o C was observed. For higher annealing
temperatures, a strong decrease in the Au0.5 Fe0.5 NP height was measured, with h = 1.4 ±
0.9 nm at 1000 o C. The temperature of 900 o C appears to be a transition temperature, above
251

Figure 7.3: (a) STM and (b) corresponding spatial autocorrelation images of Au0.5 Fe0.5 NPs
synthesized by inverse micelle encapsulation and supported on TiO2 (110). The image was
taken by Ahmed Naitabdi (UCF) after sample annealing in UHV at 900 o C for 20 min.

which metal atoms start to desorb from the Au0.5 Fe0.5 NPs since a sharp reduction of both
the NP height and its diameter was measured. A similar trend was observed for the pure
Au and pure Fe NPs, although the sharp decrease in the average height of Fe NPs occurred
at an earlier temperature (between 700 o C and 900 o C). The NP height is considered here
as the significant size parameter in our samples, since the NP diameter is obscured by tip
convolution effects.
Annealing the Au0.5 Fe0.5 NPs at 1000 o C [253, 261] resulted in the disappearance of the
initial hexagonal NP arrangement, in Au and Fe atomic desorption, and in the development
of a wider NP size distribution. At this temperature, wide terraces are observed in the
TiO2 (110) surface.
Figure 7.5 displays AFM images of our polymer-free Au0.257 Fe0.8 NPs deposited on TiO2 (110)
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Figure 7.4: Evolution of the (a) average height (h) and (b) interparticle distance (dInt ) of
Au0.5 Fe0.5 (solid circles), Au (solid triangles) and Fe (open squares) NPs with annealing
temperature. The error bars given correspond to the standard deviation calculated from the
distribution of particle heights and interparticle distances.

(a) and SiO2 /Si(111) (b) taken after annealing at 700 o C. The average cluster heights are
3.4 ±1.0 nm and 1.8 ±0.5 nm, respectively. The average height of the Au0.557 Fe0.5 NPs at 700
o

C was ∼2.2 nm, and no significant changes in the cluster size or 2D spatial arrangement were

observed up to our maximum annealing temperature of 850 o C. High resolution TEM images
of Au0.557 Fe0.5 NPs annealed at 700 o C and 900 o C are shown in Figs. 7.5(c) and (d), respectively. From the analysis of several TEM images acquired for each of these temperatures,
average lattice parameters of 3.92(3) Å [Fig. 7.5(c)] and 3.91(3) Å [Fig. 7.5(d)] were ob253
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Figure 7.5: AFM images of Au0.257 Fe0.8 NPs deposited on TiO2 (110) (a) and SiO2 /Si(111) (b),
and high resolution TEM images of Au0.557 Fe0.5 NPs on Ti-coated Ni grids. All images were
taken after polymer removal by an O2 -plasma treatment followed by annealing in UHV at
700 o C (a,c) and 900 o C (b,d) for 30 min. The TEM images were acquired on NPs synthesized
with a polymer with larger head size PS(81000)-P2VP(14200), resulting in larger NPs than
in the AFM / NRIXS samples.

tained. These values are in good agreement with the lattice constant of bulk fcc-Fe47.5 Au52.5
alloys of 3.91 Å [635].
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A. Electronic and chemical characterization (XPS).

Pure Au and pure Fe NPs.

Figure 7.6 displays XPS spectra from the Au-4f and Fe-2p core levels of two samples
containing pure gold [Fig. 7.6(a)] and pure Fe [Fig. 7.6(b)] NPs deposited on TiO2 (110).
The XPS data were acquired after an O2 -plasma treatment and subsequent annealing from
300 o C to 1000 o C. NP exposure to atomic oxygen resulted in the partial oxidation of Au,
with 72% of the signal being Au3+ (binding energy BE = 87.1 eV of Au-4f7/2 BE) and 28%
metallic Au [392, 399], Fig. 7.6(a) and Table 7.1. Interestingly, a large positive BE shift is
observed in the Au-4f peaks of all our samples directly after atomic oxygen exposure (+1.1
eV with respect to Au3+ ) [108, 389, 393]. After reduction of the Au3+ present below 300 o C,
no changes in the binding energy of Au are observed in the temperature range from 300 o C
to 600 o C [256, 394], with a stable BE value of ∼84.8 eV, Fig. 7.6(a). This value is +0.8 eV
higher than the value of bulk metallic gold (84.0 eV, Au 4f7/2 ). However, upon annealing at
700 o C, an additional shift of +0.5 eV (BE = 85.3 eV) is observed. As will be described in
more detail in the discussion section, such shifts may be attributed to size-dependent final
state effects [246, 268, 400], as well as to NP/support interactions [605–607]. Since at 700 o C
the NP size did not experience significant changes (Fig. 7.4), Au-Ti interactions are believed
to be responsible for the additional shift. [400, 607] A clear decrease in the Au signal is
observed upon annealing at 900 o C, and no gold is detected by XPS after annealing at 1000
o

C.
Figure 7.6(b) indicates that the pure Fe NPs are oxidized to Fe2 O3 (711.6 eV, Fe-2p3/2
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Figure 7.6: XPS spectra of (a) the Au-4f and (b) Fe-2p core level regions of pure Au (a)
and pure Fe (b) NPs supported on TiO2 (110). The spectra were acquired after O2 -plasma
treatment and after subsequent in-situ annealing from 300 o C−700 o C for 20 min and from
800 o C−1000 o C for 10 min. Reference solid lines indicating the binding energies of bulk Au
and Fe. The arrow in (b) at a BE of 710.5 eV indicates the presence of oxidized Fe species
(Fe2+ /Fe3+ ) and/or an FeTiO3+δ compound at the Fe/TiO2 interface after annealing at 700
o

C. The corresponding spectral least-square fits for the different Au and Fe species are also

shown, (solid lines).

in Fe2 O3 [407]) during the in-situ O2 -plasma treatment used to remove the encapsulating
polymer, and that Fe3+ is stable at least up to 300 o C (100% signal, Table 7.1). Annealing at
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500 o C resulted in partial reduction of Fe2 O3 species to metallic Fe (Fe0 -2p3/2 peak at 707.6
eV, 2%). In analogy to the case of the Au/TiO2 system, the positive BE shifts (+0.7 eV with
respect to bulk Fe0 at 707.1 eV [407, 598]) observed for our Fe/TiO2 NPs above 500 o C are
attributed to final state effects [246, 268] in the photoemission process and to cluster/support
interactions [605, 606]. In the temperature range of 500−900 o C the content of metallic Fe
in these clusters increases, reaching a maximum of ∼45% in the range of 700−800 o C (Table
7.1). In addition, a shoulder is observed in the Fe-2p spectrum at ∼710.5 eV [marked with
an arrow in Fig. 7.6(b), 800 o C], indicating the presence of FeOx (Fe2+ -2p3/2 at ∼709.6 eV)
[407, 598, 599] and/or FeTiO3+δ compounds [600, 601]. Further details on this assignment
are given in the discussion section.

Au0.8 Fe0.2 NPs.

The formation and thermal stability of Au-Fe alloys in size-selected NPs with different
alloy compositions has been investigated in-situ by XPS. Figure 7.7 shows thermally-induced
changes in the Au-4f (a) and Fe-2p (b) core levels of Au0.8 Fe0.2 NPs supported on TiO2 (110)
after an O2 -plasma treatment followed by a stepwise annealing from 300 o C to 1000 o C. In
Fig. 7.7(a), a BE shift of +0.5 eV with respect to bulk Au was measured after annealing
at 300 o C, and an additional shift of +0.2 eV after annealing at 500 o C (BE = 84.7 eV, Au
4f7/2 ). Above this temperature, the BE of Au is stable up to 1000 o C. Unlike the case of the
pure Au NPs (lack of Au signal at 1000 o C), total desorption of Au from the Au0.8 Fe0.2 NPs
was not detected until the annealing temperature reached 1060 o C (not shown).
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Table 7.1: Relative content of the different Au and Fe phases of pure Au, pure Fe, Au0.8 Fe0.2 , Au0.5 Fe0.5 and Au0.2 Fe0.8
NPs deposited on TiO2 (110) obtained from the analysis of the Au-4f and Fe-2p XPS data shown in Figs. 7.6, 7.7, 7.8 and
7.10. The binding energies corresponding to the Au-4f7/2 and Fe-2p3/2 XPS peaks detected in each sample are indicated
below each phase assignment in the top row.

phase content (±5%)
Au0

Au3+

Au-Fe Alloy

Fe0

Fe3+ / Au-Fe
Alloy /
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FeTiO3+δ
Sample

Temperature

84.6-86.0 eV

86.9-87.3 eV

86.2-88.6 eV

706.9-707.7 eV

709.8-712.2 eV

Au-NPs

O2 -Plasma

28

72

−

−

−

300 o C

100

0

−

−

−

500 o C

100

0

−

−

−

600 o C

100

0

−

−

−

700 o C

100

0

−

−

−
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Fe-NPs
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Au0.8 Fe0.2 NPs

800 o C

100

0

−

−

−

900 o C

100

0

−

−

−

1000 o C

−

−

−

−

−

O2 -Plasma

−

−

−

0

100

300 o C

−

−

−

2

98

500 o C

−

−

−

38

62

600 o C

−

−

−

48

57

700 o C

−

−

−

45

55

800 o C

−

−

−

46

54

900 o C

−

−

−

44

56

1000 o C

−

−

−

238

62

O2 -Plasma

38

62

−

0

100

300 o C

87

−

13

5

95

500 o C

87

−

13

26

74
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Au0.5 Fe0.5 NPs
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Au0.2 Fe0.8 NPs

600 o C

89

−

11

36

64

700 o C

90

−

10

35

65

800 o C

88

−

12

30

70

900 o C

86

−

14

19

81

1000 o C

87

−

13

15

85

O2 -Plasma

9

91

−

0

100

300 o C

85

−

15

0

100

500 o C

87

−

13

28

72

600 o C

88

−

12

30

70

700 o C

88

−

12

3

97

800 o C

87

−

13

5

95

900 o C

73

−

27

11

89

1000 o C

−

−

−

24

76

O2 -Plasma

34

66

−

0

100
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Figure 7.7: XPS spectra of (a) the Au-4f and (b) Fe-2p core level regions of Au0.8 Fe0.2 NPs
supported on TiO2 (110). The spectra were acquired after O2 -plasma treatment and after
subsequent in-situ annealing from 300 o C−700 o C for 20 min and from 800 o C−1000 o C for
10 min. The arrow in (a) indicates a small spectral component related to Au−Fe bonding.
The arrow in (b) at a BE of 710.5 eV indicates the position of a XPS peak corresponding
to the partial formation of an Fe-Au alloy after annealing at 700 o C. Accidentally, a similar
BE is observed for oxidized Fe species and/or FeTiO3+δ compounds at the Fe/TiO2 interface
in pure Fe clusters. The corresponding spectral least-square fits for the different Au and Fe
species are also shown, (solid lines).

262

Another clear difference in the Au-4f XPS spectra of the Au-rich Au0.8 Fe0.2 NPs [Fig.
7.7(a)] with respect to their monometallic counterparts is the need to include an additional,
weak high-BE component (Au-4f7/2 , 86.2-87 eV, ∼10-14% of the total Au spectral area) in
order to properly reproduce the raw data [see arrow in Fig. 7.7(a)]. This component is
attributed to Au-Fe bonding [608–611].
Figure 7.7(b) displays the evolution of the Fe-2p signal in Au0.8 Fe0.2 NPs with increasing
annealing temperature. Similarly to the case of the pure Fe clusters, the O2 -plasma treatment
employed leads to the oxidation of Fe (Fe3+ , 712.2 eV). At 300 o C a small shift to lower BE
(710.6 eV) is observed. However, in contrast to the case of the pure Fe clusters, where ∼38%
metallic Fe was detected at 500 o C (Table 7.1), two clear XPS peaks can be observed on
the Au0.8 Fe0.2 NPs at 500 o C. The low energy peak (707.7 eV) corresponds to Fe0 , while the
high energy peak (710.6 eV) can be attributed to residual Fe-oxides and/or to the formation
of a partial Au-Fe alloy. In order to test whether the latter component is exclusively related
to the formation of a Au-Fe alloy or also, at least partially, to the presence of unreduced
Fe-oxide compounds, similarly oxidized Au0.5 Fe0.5 NPs were exposed to a hot H2 -plasma
treatment. The results of these experiments will be discussed below in the section dedicated
to the Au0.5 Fe0.5 sample.
With increasing annealing temperature from 500 o C to 700 o C, the intensity of the second Fe component (710.6 eV) is reduced, which is attributed to the reduction of Fe oxide
compounds. At 700 o C, ∼35% of the Fe content is in the metallic state (707.6 eV, Table 7.1).
Interestingly, further annealing to 800−900 o C leads to an increase in the 710.6 eV/707.6
eV intensity ratio [(Fe-oxide/Fe-Au alloy)/(Fe metal)]. Since at 800 o C Fe is expected to
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be completely reduced [612] (with exception of the interfacial Fe atoms in contact with the
oxide support), the sudden increase of the 710.6 eV component [see arrow in Fig. 7.7(b)]
signalized the formation of a partial Au-Fe alloy. At 900 o C only 19% of the remaining Fe
in these NPs is in its pure metallic state, while the rest has formed an alloy with Au. In
addition, a decrease in the total Fe signal is observed (by ∼30% at 900 o C and by ∼60% at
1000 o C) with respect to the value at RT, and incomplete desorption [Fig. 7.7(b)] is noticed
at 1000 o C. Due to the enhanced surface sensitivity of XPS, the marked decrease in the Fe
signal above 700 o C [Fig. 7.7(b)] might be attributed to the segregation of Au to the NP
surface.

Au0.5 Fe0.5 NPs.

Figure 7.8 shows XPS spectra from the Au-4f (a) and Fe-2p (b) core levels of Au0.5 Fe0.5
NPs acquired after O2 -plasma treatment and subsequent annealing at the indicated temperatures. In analogy to the case of the pure or Au-rich (Au0.8 Fe0.2 ) NPs, a binding energy of
84.8 eV was measured for Au-4f7/2 after annealing at 300 o C, Fig. 7.8(a). Similar to the case
of the Au-rich NPs, for this new NP composition the Fe atoms still show a BE energy significantly higher than that of bulk Fe (710.4 eV versus 707.1 eV for bulk Fe0 ) after annealing
at 300 o C, suggesting the presence of oxidized Fe compounds, Fig. 7.8(b). The Au signal
remained nearly stable up to an annealing temperature of 600 o C, where an additional positive BE shift was measured (+0.4 eV with respect to the 500 o C Au spectrum in Au0.5 Fe0.5
NPs), Fig. 7.8(a). Analogously to the case of the Au-rich NPs, in the temperature range of
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Figure 7.8: XPS spectra of (a) the Au-4f and (b) Fe-2p core level regions of Au0.5 Fe0.5 NPs
supported on TiO2 (110). The spectra were acquired after O2 -plasma treatment and after
subsequent in-situ annealing from 300 o C−700 o C for 20 min and from 800 o C−1000 o C
for 10 min. The arrow in (b) at a BE of 710.7 eV indicates the position of the XPS peak
corresponding to Fe in an Fe-Au alloy after annealing at 700 o C. The corresponding spectral
least-square fits for the different Au and Fe species are also shown, (solid lines).

500 o C to 600 o C the two peaks observed in the Fe-2p spectra are attributed to Fe-oxides
or a Au-Fe alloy (∼710.4 eV), and to Fe0 (∼707.7 eV) from the partial reduction of Fe2 O3 ,
Fig. 7.8(b). Since both the Au-4f and the Fe-2p (710.4 eV) peaks in the Au0.5 Fe0.5 NPs are
shifted to higher BEs with respect to their pure NP counterparts at 600 o C, the onset of
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Figure 7.9: XPS spectra of the Fe-2p core level region from a sample containing Au0.5 Fe0.5
NPs deposited on TiO2 (110). The sample was first exposed to an O2 -plasma treatment in
UHV for 80 min and subsequently to H2 -plasma treatments (60 min each) at 300 o C, 500
o

C, and 600 o C. At 500 o C, the arrow at a BE of 710 eV indicates the presence of an Au-Fe

alloy. The corresponding spectral least-squares fits for the different Au and Fe species are
also shown.

partial Au-Fe alloying at this temperature is plausible as will be discussed in detail below.
In order to separate the relative contributions from Fe-oxide and Au-Fe alloy (similar in
BE) to the Fe-XPS spectra measured below 700 o C, we have performed in-situ hot H2 -plasma
treatments on a similarly prepared Au0.5 Fe0.5 NP sample, Fig. 7.9. A H2 -plasma treatment
266

has been successfully used by Wang et al. [613] to reduce 25 nm-thick oxidized Fe-layers.
Ethirajan et al. [115] and Boyen et al. [109] have also demonstrated that oxidized (O2 -plasma
treated) FePt and Co NPs, synthesized by the same inverse micelle encapsulation method
used in the present work, can be completely reduced by atomic hydrogen exposure. In our
samples, the first H2 -plasma treatment at 300 o C resulted in a reduction of the Fe3+ signal,
with 28% metallic Fe detected. It should be noted that annealing the same sample at 300
o

C immediately after the O2 -plasma treatment [Fig. 7.8(b)] but without exposure to atomic

hydrogen, did not result in any reduction of Fe3+ (100% Fe3+ , Table 7.1). A subsequent
H2 -plasma treatment at 500 o C resulted in further reduction of the Fe-oxide component, but
60% of the total Fe signal at 710.6 eV remained. This experiment shows that the Fe-2p
component at 710.6 eV cannot be completely eliminated by hydrogen reduction, indicating
that ∼60% of that signal is due to partial Au-Fe alloying, Fig. 7.9. By comparison, in the
Au0.5 Fe0.5 NP sample of Fig. 7.8(b), after annealing at 500 o C but without a simultaneous
H2 -Plasma treatment, a ∼72% Fe signal remained at 710.6 eV. Interestingly, after the last
H2 -plasma treatment at 600 o C (Fig. 7.9), an increase in the 710.6 eV Fe component (74%)
was observed. On the Au0.5 Fe0.5 NP sample of Fig. 7.8(b), annealed to the same temperature
(600 o C) but not H2 -plasma treated, ∼71% of the total Fe signal corresponded to the 710.6
eV component. This value is very close to that obtained on the same sample after annealing
at 500 o C (∼72%). This apparent lack of reduction at the higher temperature is attributed
to a compensation effect, since the thermal reduction of Fe2 O3 at 600 o C is convoluted with
an increase in the number of Fe-Au bonds, and consequently leads to an increase of the
high BE XPS component at 710.6 eV. Our H2 -reduction experiments indicate that although
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a slightly enhanced thermal stability of Fe-oxides exists for this bimetallic sample at 500
o

C (∼12% higher signal of the second Fe component on Au0.5 Fe0.5 in the absence of H2 ),

annealing at 600 o C appears to completely reduce the Fe oxides present.
Upon further annealing the Au0.5 Fe0.5 NPs from 700 o C to 900 o C [Fig. 7.8(b)], the
metallic Fe signal (Fe0 ) at 707.3 eV has nearly vanished (∼10% at 900 o C, Table 7.1). At
700 o C, only the XPS peak at 710.5 eV can be observed [see arrow in Fig. 7.8(b)]. This
change is ascribed to a modification in the coordination of Fe atoms in the Au0.5 Fe0.5 NPs,
caused by the complete alloying with Au atoms. The high BE measured for Au at 700 o C
(∼85.4 eV) also indicates the formation of a Au0.5 Fe0.5 alloy, Fig. 7.8(a). From 700 o C to
800 o C, no additional changes in the BEs of Fe and Au were observed, pointing towards a
relatively stable alloy. However, after annealing at 900 o C, a drastic decrease in the Fe XPS
signal at 709.8 eV (high BE component) is observed (Fe in Au0.5 Fe0.5 alloy). In parallel, a
new XPS peak appears at lower BE (707.3 eV), corresponding to Fe atoms in a less-Au-rich
environment, Fig. 7.8(b). On the other hand, the intensity of the Au XPS signal did not
exhibit such a decrease. Besides, an additional BE shift (+0.3 eV with respect to the value
at 800 o C) was measured in the Au-4f signal at 900 o C (85.6 eV), Fig. 7.8(a). This effect is
attributed to the decrease in the NP size (final state effects) observed by STM after annealing
at 900 o C. After annealing at 1000 o C, the nearly complete desorption of gold (within the
XPS sensitivity limits, estimated to be approximately 0.3 at.% Au [614]) was observed in
our XPS spectra [Fig. 7.8(a)], while some iron clusters still remain on the TiO2 (110) surface.
Traces of gold were found on the surface of these NPs by XPS after annealing at 960 o C (not
shown).
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Figure 7.10: XPS spectra of (a) the Au-4f and (b) Fe-2p core level regions of Au0.2 Fe0.8 NPs
supported on TiO2 (110). The spectra were acquired after O2 -plasma treatment and after
subsequent in-situ annealing from 300 o C to 700 o C for 20 min and from 800 o C to 1000 o C
for 10 min. The arrow in (b) at a BE of 710.5 eV indicates the position of the XPS peak
corresponding to Fe in a Fe-Au alloy after annealing at 800 o C. The corresponding spectral
least-squares fits for the different Au and Fe species are also shown.

Au0.2 Fe0.8 NPs.

XPS measurements were also conducted on Fe-rich Au0.2 Fe0.8 NPs of similar size, Fig.
7.10. Several important differences with the previous measurements should be noted: (i)
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a lower onset temperature for Au desorption is observed (>800 o C) as compared to >900
o

C for pure Au clusters and Au0.5 Fe0.5 (Au being only slightly more stable than on the

pure Au clusters), and >1000 C for Au0.8 Fe0.2 ; (ii) significant atomic Fe desorption is observed at/above 800 o C, this being the lowest Fe desorption temperature among all samples
investigated; (iii) all Fe atoms in these NPs are incorporated in a Au-Fe alloy above 800 o C.

Aux57 Fe1-x (x = 0.5, 0.2) NPs.

XPS was used to investigate alloy formation (relative phase content) in Au-57 Fe NPs.
Figure 7.11 displays XPS (Fe-2p) spectra of Au0.557 Fe0.5 [Figs. 7.11(a,b,c)] and Au0.257 Fe0.8
[Fig. 7.11(d)] NP samples supported on TiO2 (110) and on SiO2 /Si(111), respectively. The
vertical reference lines indicate the binding energies of metallic Fe (Fe-2p3/2 at 707 eV), an
Fe-Au alloy (711 eV), and of a smaller third component (Fe∗ , 716.5 eV) assigned to the
Fe-support interface (in the case of Au-Fe/TiO2 the encapsulation of Fe by TiOx is possible)
and/or to satellite peaks of Fe (shake-up/shake-off), section 7.3.1. After annealing at 500
o

C, segregated Fe metal (∼19%) coexists with the Au-Fe alloy (∼47%) in the Au0.557 Fe0.5

NPs. Further annealing at and above 700 o C results in an enhanced alloy content (52−55%),
with only ∼5% and ∼1% metallic Fe (Fe0 ) present at 700 o C and 850 o C, respectively. A
higher content of Fe0 (∼29%) is detected in the Au0.257 Fe0.8 NPs after annealing at 700 o C
versus ∼35% Fe-Au alloy content.
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Figure 7.11: XPS (Fe-2p) spectra of Au0.557 Fe0.5 NPs supported on TiO2 (110) (a,b,c) and
Au0.257 Fe0.8 NPs on SiO2 /Si(111) (d) acquired after O2 -plasma and annealing in UHV at the
temperatures indicated.
Discussion.

Morphology (AFM, STM).

Our AFM and STM images demonstrate that our preparation technique results in selfassembled size-selected Aux Fe1-x NPs. The average NP heights of Au, Fe and Aux Fe1-x are
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centered in a narrow range (e.g., at ∼3.5−4.5 nm after UHV annealing at 300 o C) and show
insignificant changes with annealing up to 700 o C. Further, the NP height distributions are
relatively narrow with standard deviations in the range of ±1.2 to ±1.8 nm. Similar observations can be made for the average interparticle distances, which are centred at ∼38−47 nm,
with standard deviations ranging from ±9 to ±10 nm. Moreover, the spatial autocorrelation
plots in Fig. 7.3 provide evidence for the quasi-hexagonal spatial arrangement of the NPs.
All of these observations show that our self-assembled NPs have regular interparticle spacing
and are size-selected.
Our AFM and STM images as well as the results shown in Fig. 7.4 provide proof for the
high thermal stability of mono and bimetallic NPs prepared by inverse micelle encapsulation
and deposited on TiO2 (110). It should be noted that the height of the Fe NPs was found
to decrease above 700 o C, while the Au and Au0.5 Fe0.5 NP heights decrease only above 900
o

C. This difference could be related to changes in the TiO2 morphology originating from

the distinct interaction of Fe versus Au with TiO2 (e.g. Fe encapsulation by TiOx ). Interestingly, the changes in the TiO2 morphology observed at 900 o C (decreased roughness and
formation of large flat terraces) do not significantly alter the initial arrangement of the NPs,
providing evidence for a strong NP/support adhesion. This is an important factor for catalysis applications, since the longevity of a catalyst is largely determined by its morphological
stability under reaction conditions (e.g. high temperature). Recently, Matthey et al. [415]
observed that UHV-evaporated Au clusters supported on reduced TiO2 (110) exhibit a clear
tendency towards sintering, while similar clusters deposited on an oxidized TiO2 (110) surface displayed a stronger adhesion and stability. Since our TiO2 (110) surface is significantly
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Figure 7.12: XPS spectra of the Ti-2p core level of a sample containing Au0.5 Fe0.5 NPs
deposited on TiO2 (110). The data were acquired after an in-situ O2 -plasma treatment and
subsequent annealing in UHV at 300 o C, 700 o C, 900 o C, and 1000 o C. The spectra labeled
(SP) was acquired on the same sample after annealing at 1000 o C and subsequent Ar+
sputtering at 1 keV during 15 min.

reduced at 900 o C (the presence of a Ti3+ component with binding energy of 457.8 eV can
be seen in Fig. 7.12), the stability of our NPs must have a different origin. This should be
investigated in more detail in the future.
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Electronic and chemical characterization (XPS).

A. Size and support effects.

Figure 7.13 summarizes the evolution of the Au-4f7/2 (a) and Fe-2p3/2 (b) binding energies
extracted from the XPS spectra in Figs. 7.6, 7.7, 7.8, and 7.10.
In our pure Au NP samples, Au-4f binding energy shifts of +0.8−1.3 eV (relative to
bulk Au, 84.0 eV) were detected. Similar positive BE shifts were previously observed by
Chusuei et al. [400] and Howard et al. [607] on Au clusters evaporated on TiO2 (110) at
room temperature. It has been reported that the magnitude of these shifts strongly depends
on the particle size [400] as well as on the structure and stoichiometry of the TiO2 support,
both of which change upon high temperature annealing [607]. The origin of these shifts is
commonly assigned to either initial state effects (changes in the electronic structure of NPs
with decreasing size) or to final state effects (insufficient screening of the positive charge left
behind during the photoemission process) and NP charging. [246, 268, 400, 607] Shifts of
similar origin were also observed in the XPS spectra of our pure Fe NPs. In particular, a
BE shift of up to +0.7 eV with respect to bulk Fe0 at 707.1 eV [407, 598] was detected for
the low BE Fe component in the Fe NPs.
The Au-4f binding energies in the Au0.5 Fe0.5 , and Au0.2 Fe0.8 NP samples are slightly
higher than those obtained for the pure Au NPs, but follow the same trend of increasing
BE with increasing annealing temperature, Fig. 7.13(a). The large Au-4f BEs observed
for these samples at 900 o C (up to 86 eV for Au0.2 Fe0.8 and 85.3 eV for pure Au clusters
as compared to bulk Au at 84 eV) can be attributed to a decrease in the particle size due
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Figure 7.13: Evolution of the (a) Au 4f7/2 and (b) Fe 2p3/2 binding energies of Au (open
circles), Fe (open circles), and Aux Fe1-x [x = 0.8 (solid circles), 0.5 (solid triangles), 0.2 (solid
squares)] NPs supported on TiO2 (110) with annealing temperature. In (b), the component
labeled as 1 corresponds to metallic Fe (Fe-2p3/2 BE of 706.9−707.7 eV), while component 2
(Fe-2p3/2 BE of 709.8−712.2 eV) includes Fe-oxides + FeTiO3+δ + Au-Fe alloy compounds,
which cannot be distinguished based on the BE. These data were extracted from the XPS
spectra displayed in Figs. 7.6, 7.7, 7.8, and 7.10.
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to partial Au desorption from the NPs. Although for the bimetallic samples the formation
of a Au-Fe alloy might also contribute to the observed Au-4f BE increase, such an effect
is not considered dominant, since the temperature-dependent trends observed in the Au-4f
BEs were not found to correlate with those of the Fe-2p signals, Fig. 7.13(b). Interestingly,
the Au-4f BE of the Au0.8 Fe0.2 NPs was found to remain nearly constant throughout the
entire temperature range. This sample also demonstrated the highest stability against Au
desorption (a clear Au signal was detected after annealing at 1000 o C), suggesting that the
increase in the BE of the pure Au NPs and the other bimetallic samples may be attributed
to a decrease in the NP size.

B. Stability of Fe-oxide and/or TiOx encapsulation.

The thermal evolution of the binding energy of the two Fe-2p components of our monoand bimetallic samples is shown in Fig. 7.13(b). In this graph, the low BE component (706.9
eV−707.7 eV) labeled as 1 corresponds to metallic Fe, while component 2 (709.6−712.2)
is assigned to Fe-oxides, and/or FeTiO3+δ compounds, and/or a Au-Fe alloy. The first
component appears at 300 o C after an initial Fe2 O3 reduction, and its BE remains nearly
constant up to 800 o C. The presence of this component in all bimetallic samples indicates
that complete Au-Fe alloying was not achieved at any given temperature. Sample annealing
above 800 o C results in a slight decrease of the BE of this component for the bimetallic NPs,
while it remains nearly constant for the pure Fe NPs. The BE of the second component
(high BE, labeled as 2) initially decreases up to 500 o C signalizing the reduction of Fe-oxide
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complexes. However, it remains nearly constant from 500 o C up to 800 o C for all samples,
indicating the presence of interfacial FeTiO3+δ compounds (pure Fe NPs) and/or an Au-Fe
alloy component. A significant decrease in the BE of this second component above 800 o C is
only observed for the Au0.5 Fe0.5 sample. As will be discussed in more detail later, this effect
indicates Au-Fe phase separation.
The presence of the high-BE shoulder in the XPS spectra of the pure Fe NPs at ∼710.5
eV [arrow in Fig. 7.6(b) and component 2 in Fig. 7.13(b)] upon annealing at/above 500
o

C could be indicative of the enhanced thermal stability of Fe-oxides in these clusters, as

well as of the formation of FeTiOx compounds. Since previous TEM studies reported the
decomposition of Fe2 O3 on the surface of pure Fe NPs [Fe2 O3 shell(2 nm)/bcc-Fe core(5
nm)] at about 500 o C [612], the presence of FeTiOx species in our annealed samples must
be considered. The latter explanation for our high BE component in the pristine Fe NPs
is in agreement with XPS [600] and ultraviolet photoelectron spectroscopy [615] data on
ultrathin Fe films on TiO2 (110). Ternary oxides such as FeTiO3 are likely to form at the
particle-substrate interface [600]. Fuji et al. [601] reported binding energies of 709 eV
(Fe2+ ) for bulk FeTiO3 , and 711 eV (Fe3+ ) for FeTiO3.5 compounds. Our 710.5 eV BE
[shoulder in Fig. 7.6(b), arrow] might indicate the formation of non-stoichiometric FeTiO3+δ
compounds. Furthermore, the observation by Fuji et al. [601] of a weak high BE components
(Fe3+ ) in the Fe-2p XPS spectra of stoichiometric FeTiO3 films (dominated by Fe2+ ) was
ascribed to inter-valence charge transfer (Fe2+ + Ti4+ → Fe3+ + Ti3+ ) [601]. In addition,
according to the work by Pan et al. [600] and Diebold et al. [605] on UHV evaporated
Fe islands deposited on TiO2 (110), the possibility of encapsulation of our Fe NPs by TiOx
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upon annealing should also be considered. Nearly complete TiOx encapsulation of Fe was
reported in the temperature range of 500−700 o C upon several hours of annealing in UHV
[600]. Interestingly, despite the encapsulation, the Fe particles in this study were found to be
in the metallic state, with the exception of the interfacial Fe atoms. Although from our XPS
data we cannot exclude the possibility of Fe encapsulation by TiOx , one should keep in mind
that the shapes of UHV grown (mainly flat 2D islands [600]) and micellar (3D spherical)
clusters are different and that cluster/support interactions in these two systems might also be
different. In addition, the previous studies [600, 605] reported the Fe encapsulation by TiOx
after several hours of annealing in UHV, while in our study the annealing times were much
shorter (10-20 min) and therefore the encapsulation less likely. In order to clarify this aspect,
additional spectroscopic (STS) studies are currently being conducted in our group and will
be published elsewhere. Previous STS data by Dulub et al. [467] on UHV evaporated Pt
clusters deposited on TiO2 (110) indicated the appearance of a bandgap in Pt regions after
sample annealing up to a maximum temperature of 700 o C. The authors attributed this
bandgap to the encapsulation of Pt by an ultrathin TiOx film. Some preliminary STS data
on Au0.5 Fe0.5 NPs deposited on TiO2 (110) can be found in our previous work [253]. For
this bimetallic sample, no bandgap was observed in the current-voltage curves measured
after annealing at 700 o C on the top of our Au0.5 Fe0.5 NPs (below the onset temperature
of Au segregation to the NP surface at about 800 o C), suggesting the lack of significant
encapsulation by TiOx , but a more exhaustive study focused on this aspect is still needed to
rule out this possibility with certainty.
The second Fe-2p BE component [labeled as 2 in Fig. 7.13(b)] is also present for all
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Figure 7.14: Evolution of the relative content (spectral area) of the two different Fe phases
(component 1 and component 2) obtained from the fits of Fe-2p XPS spectra acquired after
sample annealing in UHV from RT to 1000 o C of the following samples: (a) Au0.8 Fe0.2 , (b)
Au0.5 Fe0.5 , and (c) Au0.2 Fe0.8 NPs, (open squares and open circles connected by solid lines).
For comparison, the phase content of the pure Fe NPs is also plotted (closed squares and
closed circles connected by dashed lines). The component labeled as 1 (squares) corresponds
to the low BE feature (Fe-2p3/2 at 706.9−707.7 eV) assigned to metallic Fe, while component
2 corresponds to the high BE feature (Fe-2p3/2 at 709.8−712.2 eV and satellites at ∼720 eV)
attributed to Fe-oxides + FeTiO3+δ compounds + Au-Fe alloy. These data were extracted
from the XPS spectra displayed in Figs. 7.6, 7.7, 7.8, and 7.10. The vertical arrows indicate
the increase in the phase content of component 2 (Au-Fe alloy) relative to the phase content
of component 1 (metallic Fe).

bimetallic samples, and as can be seen in Fig. 7.14, its relative contribution to the total
Fe XPS signal is higher than in the case of the monometallic (pure) Fe sample at elevated
annealing temperatures. This result could have two different origins: (i) the enhanced sta279

bility of FeOx or FeTiOx compounds in the presence of Au, and/or (ii) the formation of a
Au-Fe alloy. The latter point is considered to be the main factor responsible for the high BE
Fe component observed for these samples at elevated temperatures, and will be discussed
in the next section. Based on our H2 -reduction experiments on Au0.5 Fe0.5 NPs, it appears
that only a slightly enhanced stability of Fe-oxide species is present for our samples at 500
o

C, and that above that temperature, the second Fe component should be attributed to the

formation of a Au-Fe alloy as well as to interfacial FeTiOx compounds. The mechanism by
which the presence of Au impurities could help stabilize oxidized Fe compounds at 500 o C
is unclear, but could be related to the low affinity of Au for O, to the presence of subsurface
Fe-oxide, to the reduction of the FeOx -Au interfacial energy, or to strain relaxation in the
FeOx film on the Au-Fe NP due to a change in the average lattice parameter. The effect of
a secondary metal on the stability of Pt oxides in similarly synthesized bimetallic Pt0.8 M0.2
(M = Fe, Ru, Pd, Au) NPs has been recently reported by Croy et al. [259] based on XPS
investigations. In this study, the largest amount of PtO was present in the samples that
contained a secondary metal that did not have a high affinity for O (in this example Au
in Pt-Au NPs), and a slightly higher content of PtO was observed in the Pt-Au NPs as
compared to pure Pt NPs [259].

C. Au-Fe alloy formation.

Figure 7.14 summarizes the thermal evolution of the relative content of the two Fe species
(components 1 and 2) present in our bimetallic samples: (a) Au0.8 Fe0.2 , (b) Au0.5 Fe0.5 , and
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(c) Au0.2 Fe0.8 NPs, (open squares and open circles connected by solid lines). For comparison
purposes, the phase contents obtained for the pure Fe NPs are also plotted (closed squares
and closed circles connected by dashed lines). In analogy to Fig. 7.13, the low BE component
labeled as 1 corresponds to metallic Fe, while component 2 is assigned to Fe-oxides, and/or
FeTiO3+δ compounds, and/or a Au-Fe alloy. If one considers that the presence of Au in the
Au-Fe NPs does not significantly alter the stability of oxidized Fe species above 500 o C, the
difference in the total content of component 2 in our bimetallic NPs with respect to the pure
Fe NPs (indicated in Fig. 7.14 by arrows) can be attributed to the formation of a partial
Au-Fe alloy.
The behavior displayed in Fig. 7.14(a) for both Fe components in the Au0.8 Fe0.2 NPs
is similar to the pure Fe NPs, although a clear increase in the concentration of the high
BE Fe component 2 (assigned to Fe-oxide/FeTiOx /Au-Fe), combined with a decrease of the
concentration of component 1, is observed in the bimetallic sample above 500 o C, contrary
to the case of the pure Fe NPs. This indicates that in addition to the presence of segregated
metallic Fe grains (component 1), increasing partial Au-Fe alloying occurs at and above 500
o

C.
The thermal evolution of the two Fe components (1 and 2) in the bimetallic samples with

higher Fe content is also drastically different from that of the pure Fe NPs. In particular, a
strong decrease in the content of metallic Fe (component 1), combined with a strong increase
of the content of component 2 (Au-Fe alloy), is observed above 600 o C for the Au0.5 Fe0.5
[Fig. 7.14(b)] and Au0.2 Fe0.8 [Fig. 7.14(c)] NP samples, indicating a higher degree of Au-Fe
interaction and alloying. In the temperature range of 600−800 o C, the majority phase in
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the Au0.5 Fe0.5 NPs was found to be a Au-Fe alloy. This result is in agreement with our
previous STS data on Au0.5 Fe0.5 NPs [253], where phase-segregated structures (separated
Au and Fe grains) were present at 300 o C, and phase segregation into pure bcc-Fe and a
Au-Fe solid-solution (alloy) was found to be present up to 600 o C. At 700 o C the formation
of a Au-Fe alloy was also observed by STS [253]. The increase in the content of the Au-Fe
alloy component is more gradual in the case of the Au0.2 Fe0.8 NPs, and is shifted to higher
temperatures, with a majority Au-Fe alloy phase in the range of 800−900 o C.
The trends described above show a clear difference with the behavior expected from the
currently known bulk phase diagrams. According to the Fe-Au phase diagram for a bulk
alloy with an average composition of 50 at.% Fe (and 50 at.% Au) [616], a phase segregation
would occur at 300 o C, resulting in nearly pure bcc Fe and in a Au-rich fcc Au-Fe alloy
containing roughly 4 at.% Fe. However, the phase separation line on the Au-rich side is not
well known. If the temperature is increased to 700 o C, such an alloy would segregate into a
bcc Fe-Au alloy containing ∼1 at.% Au, and in a fcc Au-Fe alloy with 40 at.% Fe. For 50
at.% Fe, a temperature of at least 800 o C is required in order to form a solid solution (alloy)
of fcc Fe0.5 Au0.5 . This occurs for example at 900 o C. A comparison with our results obtained
for NPs with nominally 50 at.% Fe nominally, shows that the phase diagram is shifted to
lower temperatures as compared to bulk Au-Fe alloys. For instance, our results indicate the
formation of a Au-Fe alloy (solid solution) in the Au0.5 Fe0.5 NPs at 700 o C, which is lower
than the value of 800 o C for bulk alloys of the same composition.
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D. Au-Fe phase separation and Au segregation to the NP surface.

As can be seen in Fig. 7.14(b), after the formation of a Au-Fe alloy, further annealing
above 800 o C results in a sudden increase of the metallic Fe content (component 1) for the
Au0.5 Fe0.5 NPs, while the metallic Fe content for the Au0.2 Fe0.8 NPs does not drop further,
but stabilizes at 900 o C [Fig. 7.14(c)]. This effect (and the associated decrease in the high
BE Fe component) is attributed to Au-Fe phase separation. Surprisingly, after annealing up
to 1000 o C, no signs of phase separation can be observed by XPS on the Au0.8 Fe0.2 NPs,
Fig. 7.14(a), since the content of the high BE Fe component 2 remains nearly stable from
900−1000 o C and is clearly higher than at lower temperatures.
Our in-situ temperature-dependent XPS data can also be used to extract information
about atomic segregation within our NPs after Au-Fe phase separation as well as the possible encapsulation by ultrathin TiOx films. The Au-4f and Fe-2p integrated intensities have
been plotted in Fig. 7.15 as a function of the annealing temperature. The data are normalized using the respective XPS spectral area measured directly after O2 -plasma treatment as
reference. For all samples a general decrease in the Au-4f XPS signal was observed with
increasing annealing temperature, Fig. 7.15(a). However, while the Au signal in pure Au
NPs decreases nearly monotonically with temperature, enhanced stability and a slower decay
rate was observed on the bimetallic clusters. Specifically, at 900 o C the largest normalized
Au signals were measured on the Au0.8 Fe0.2 and Au0.5 Fe0.5 NPs, and at 1000 o C a gold signal was detected only for the Au0.8 Fe0.2 NPs. This difference indicates that the presence of
Fe stabilizes Au atoms in these Au-rich bimetallic clusters, minimizing Au desorption. In
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Figure 7.15: Evolution of the (a) Au 4f and (b) Fe 2p XPS normalized spectral areas (integrated intensities) of Au (open circles), Fe (open circles), and Aux Fe1-x [x = 0.8 (solid circles),
0.5 (solid triangles), 0.2 (solid squares)] NPs supported on TiO2 (110) with annealing temperature. These data were extracted from the XPS spectra displayed in Figs. 7.6, 7.7, 7.8, and
7.10. The spectral areas were calculated from the least-squares fits of the XPS peaks using
the Casa-XPS software considering a linear background and a Gaussian-Lorentzian lineshape. The data are normalized using the respective XPS spectral area measured directly
after O2 -plasma treatment as reference.
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addition, the possibility of Au segregation to the NP surface should be taken into consideration, since higher Au signals will be measured by XPS when the Au atoms reside at the NP
surface. As an example, for the Au0.5 Fe0.5 NPs only a negligible reduction in the Au signal
(2%) was measured going from 800 to 900 o C, Fig. 7.15(a), while a much larger decrease
(46%) is evident in the Fe signal of this sample in the same temperature range, Fig. 7.15(b).
This result is consistent with Au atoms segregating to the Au0.5 Fe0.5 NP surface, damping
the XPS signal from Fe atoms closer to the NP core.
The decrease in the Fe XPS signal observed in Fig. 7.15(b) for the bimetallic samples
above 600−700 o C could be ascribed to four different origins: (i) the desorption of Fe atoms,
(ii) the segregation of Au atoms to the surface of the NPs, (iii) the migration of Fe atoms
into the TiO2 support, (iv) the encapsulation of Fe by TiOx . The diffusion of Au atoms to
the surface will induce the attenuation of the photoelectrons arising from the underlying Fe
atoms which in turn decreases the Fe XPS signal. If Au segregation to the NP surface is
the origin of the reduction in the Fe signal, this is expected to be accompanied by a partial
decomposition of the gold-iron alloy phase (solid solution) at 900 o C. The latter fact is in
agreement with the remarkable increase of the metallic Fe component 1 (707.6 eV) above
800 o C for the Au0.5 Fe0.5 [Fig. 7.14(b)] and the constancy (instead of a further drop) of this
Fe signal at 900 o C for the Au0.2 Fe0.8 NP samples [Fig. 7.14(c)]. The segregation of gold can
be driven by the tendency of the Au-Fe NPs to further lower their surface free energy by
altering the composition of their surface. Since Au has a much lower surface energy (Au =
1.61 J/m2 ) than Fe (Fe = 3.28 J/m2 ) [617], the segregation of Au atoms to the NP surface
upon annealing in an oxygen-depleted environment (UHV) is likely. Since an analogous,
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strong reduction in the Fe XPS signal above 700 o C was also observed for the gold-free Fe
NPs, Fig. 7.15(b), the desorption of Fe atoms or the diffusion of Fe atoms into the TiO2 (110)
substrate, should also be considered. As was mentioned before, the encapsulation of Fe by
TiOx is unlikely due to the short annealing times used in the present study.

E. Au and Fe desorption.

For the pure Au NPs, the monotonic decrease in the Au signal observed upon annealing,
Fig. 7.15, and its complete disappearance at 1000 o C is attributed to the desorption of
Au. A decrease in the Au XPS signal could also be a result of Au encapsulation by TiOx .
However, such an effect is excluded due to the low affinity of Au for O, the high positive
heat of formation of Au-Ti alloys, and previous data by Zhang et al. [618] demonstrating
the lack of encapsulation of Au by TiO2 .
From the XPS integrated area, Fig. 7.15, we estimate that the onset of Au desorption
from the Au0.8 Fe0.2 NPs occurs above 800 o C, since only a ∼15% decrease in the Au signal
was measured below 800 o C, and a much stronger decrease above 900 o C. Surprisingly, as
Fig. 7.15 shows, at and above 900 o C the gold signal from the Au0.8 Fe0.2 clusters [Fig. 7.7(a)]
is significantly higher than that of similarly-sized pure Au clusters annealed under identical
conditions, Fig. 7.6(a). Furthermore, although nearly complete Au desorption (within the
resolution of XPS) was observed on the pure Au clusters at 1000 o C [Figure 6(a)], a clear
gold signal was measured on the Au0.8 Fe0.2 NPs at 1000 o C (being ∼43% of the Au signal
detected on this sample at 300 o C). This observation suggests the positive effect of small
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amounts of Fe (nominally 20 at.%) on the thermal stability of Au in our Au-rich NPs.
Contrary to the case of the Au0.8 Fe0.2 NPs, the complete desorption of Au from our
Au0.5 Fe0.5 and Au0.2 Fe0.8 NPs occurred in the temperature range of 960 o C to 1000 o C. Such
temperatures are in agreement with TPD experiments conducted by Chen et al. [416], who
observed a maximum Au desorption peak at ∼977 o C for a 3.4 ML-thick gold film deposited
on a TiOx /Mo(112) surface. The authors mentioned that the desorption of Au occurred in
the form of Au dimers. Similarly, Yi et al. [594] observed the desorption of Au from Pd-Au
surfaces in the temperature range of [927 o C−1027 o C]. According to Refs. [416, 600, 619–
630], the dissociation (or bond) energies of Au2 , Fe2 , Au-Fe, Au-Ti and Fe-Ti dimers are:
∼2.02 eV (DFT) and ∼2.30 eV (exp) for Au-Au, ∼1.20 eV (DFT) and ∼1.14 eV (exp) for
Fe-Fe, ∼1.79 eV (DFT) and ∼1.95 eV (exp) for Au-Fe, ∼2.52 eV (DFT) and ∼2.15 eV
(exp) for Au-Ti, 2.6 eV (exp) for Fe-Ti. Although the reported energies vary significantly
depending on the reference consulted, the most stable bonds appear to be those between
Au-Ti, Au-Au, and Au-Fe atoms, followed by Fe-Ti and Fe-Fe. Since Fe encapsulation by
TiOx has been suggested in the past [605, 631], the presence of Fe in our Au-Fe NPs could
lead to an enhanced Au-Ti interaction that might stabilize the Au atoms against thermal
desorption. In addition, since the bond energy of Au-Fe is higher than that of Fe-Fe dimers,
it is expected that the presence of Au in these bimetallic clusters helps to stabilize the Fe
atoms.
Although theoretical simulations are necessary to fully understand the concentrationdependence of the thermal stability of Aux Fe1-x NPs, with Au0.8 Fe0.2 being particularly
stable, a tentative mechanism is described below. First, the higher melting temperature of
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Fe (Tm = 1535 o C) as compared to Au (Tm = 1064 o C) could induce an upward shift of the
Au melting temperature once an alloy is formed. Second, the diffusion of Au atoms to the
surface of the Au-Fe NPs, owing to its lower surface energy (γAu = 1.61 J/m2 ) and higher
atomic volume (VAu = 12.5 Å3 ) compared with those of Fe (γFe = 1.55 J/m2 , VFe = 8.0 Å3 ),
may reduce the mechanical stress on the atoms at the NP’s core (presumably Fe-rich upon
high temperature annealing), enhancing the NP stability. For example, Rodriguez-Lopez
et al. [592] have observed that the substitution of the central Ag atom in an Ag55 cluster
by a smaller atom such as Ni or Cu increases the melting temperature of the Ag54 Ni1 and
Ag54 Cu1 clusters by 50 K and 30 K, respectively [592]. The authors explain this effect based
on a decrease in the stress at the core of the small Ag clusters that seems to stabilize these
clusters against thermal disordering [592].

7.3.2

Vibrational properties

Figure 7.16 shows PDOS data extracted from NRIXS measurements on (a) Au0.257 Fe0.8
and (b) Au0.557 Fe0.5 NPs supported on SiO2 /Si(111) and TiO2 (110), respectively. The samples were annealed in UHV at the indicated temperatures. The Fe-projected PDOS of the
Fe-rich Au0.257 Fe0.8 NPs, Fig. 7.16(a), looks roughly similar to g(E) of bulk bcc Fe with
respect to the main peak positions. This proves the existence of a dominating Fe-rich bcc
Fe-Au alloy in the NPs. This is in agreement with our XPS results [Fig. 7.11] and with
the thermodynamic phase diagram for bulk Au0.257 Fe0.8 alloys at 700 o C [637]. The latter
predicts phase separation into an Fe-rich majority phase of bcc Fe0.99 Au0.01 (of ∼67% phase
content) and a Au-rich minority phase of fcc Au0.6 Fe0.4 (∼33% phase content). Despite the
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rough similarity of the two g(E) curves in Fig. 7.16(a), the following deviations are observed:
(i) a strong suppression of the longitudinal acoustic phonon peak of bcc Fe at ∼36 meV that
can be attributed to phonon confinement [252, 260] and/or Au impurity atoms in the bcc
phase. These effects might also lead to the small red shift observed (∼1 meV) for the main
g(E) peaks of the Au0.257 Fe0.8 NPs. (ii) A pronounced enhancement and shift of the low-E
part (at E < ∼20 meV) of the NPs’ PDOS toward lower phonon energies, combined with the
appearance of a shoulder near ∼18 meV [arrow in Fig. 7.16(a)]. Based on our XPS results,
and on the Fe-Au phase diagram, the latter effects are attributed to the contribution of the
Au-rich minority fcc Au0.6 Fe0.4 phase. (iii) A weak g(E) contribution near ∼40−44 meV,
i.e. above the cut-off energy of bcc Fe. This contribution might be related to the presence
of a small fraction of Fe oxides on the NP surface or at the NP/support interface.
After annealing in UHV the Au0.557 Fe0.5 NPs were coated (at RT) by a protective film of
5 nm Ti. The PDOS of these NPs annealed at 500 o C [Fig. 7.16(b)] reveals a peak at ∼38
meV characteristic of segregated bcc-Fe grains. This peak position is slightly higher than
that of bulk bcc-Fe (∼36 meV). This could be due to intrinsic capillary pressure [638] or to
compressive strain in the bcc nanograins. Most importantly, the broad peak detected around
∼19−21 meV in Fig. 7.16(b) (for 500 o C) signalizes the formation of a Au-rich fcc Fe-Au
alloy, in addition to the bcc Fe alloy phase (see below). These results are in agreement with
the XPS data shown in Fig. 7.11. The insert in Fig. 7.16(b) demonstrates that Ti-coating of
the Au0.557 Fe0.5 NPs results in an enhancement of the broad band near ∼20 meV at expense
of the g(E) contribution above ∼42 meV (generally attributed to Fe oxides [252]) without
significantly affecting the overall shape of g(E) below ∼40 meV. Further annealing at 700 o C
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Figure 7.16: Fe-projected PDOS of: (a) Au0.257 Fe0.8 NPs on SiO2 /Si(111) and (b) Au0.557 Fe0.5
NPs on TiO2 (110) after O2 -plasma treatment and annealing in UHV at 500 o C (b), 700 o C
(a,b) and 850 o C (b) for 30 min. The NPs in (a) are uncoated and in (b) are protected by a
5-nm Ti layer. For reference, g(E) of bulk bcc Fe is shown in (a) and of a bulk Au0.557 Fe0.5
alloy from Ref. [636] in (b). The inset in (b) displays g(E) of uncoated and Ti-coated
Au0.557 Fe0.5 NPs annealed at 500 o C.
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results in sharpening and in a remarkable increase of the g(E) peak near ∼19 meV (Au-rich
fcc alloy), accompanied by a decrease in the height and a red shift to ∼35 meV of the bcc-Fe
alloy peak [arrow in Fig. 7.16(b)]. These features indicate the formation of a majority Aurich fcc Fe-Au alloy phase with a small amount of Fe-rich bcc Fe-Au alloy. This agrees with
our XPS findings and with the bulk phase diagram at x = 0.5 and 700 o C, which predicts
phase separation into a dominant Au-rich fcc Au0.6 Fe0.4 alloy (of ∼83% phase content) and
an Fe-rich minority phase of bcc Au0.01 Fe0.99 (of only ∼17% phase content). At 850 o C the
bulk phase diagram discloses a stable Au0.5 Fe0.5 alloy without segregation (single phase). In
fact, our PDOS of Au0.5 Fe0.5 NPs (at 850 o C) also indicates the formation of a Au-rich fcc
Fe-Au alloy (majority phase) via the broad g(E) peak centered at ∼ 19 meV [Fig. 7.16(b)].
However, a reduced ∼19 meV height (fcc alloy) as well as asymmetric broadening and g(E)
enhancement at higher energies is observed at 850 o C as compared to the case of 700 o C.
According to our XPS data only a minimum amount (∼1%) of metallic Fe is present at 850
o

C. Therefore, the observed peak broadening might be attributed to a change in chemical

short range order (Fe cluster formation) in the fcc Au0.6 Fe0.4 alloy at 850 o C, leading to
an increased number of Fe-Fe neighbouring atoms with stronger Fe-Fe force constants and,
consequently, to g(E) enhancement at higher phonon energies.
A comparison of the PDOS of our Au0.557 Fe0.5 NPs to that of bulk Au0.557 Fe0.5 alloys
from Lucas [638] reveals two main differences: (i) a strong suppression of bulk phonon
modes between ∼20−30 meV in the NPs, possibly due to phonon confinement [260], and (ii)
an increase in g(E) above ∼30 meV in the NPs. The latter effect can originate either from
segregated bcc-Fe alloy grains in the NPs (annealed at 500 o C and 700 o C) and/or from Fe
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cluster formation in the fcc alloy of the NPs (at 850 o C). One can also notice that all g(E)
curves shown in Fig. 7.16(b) merge below ∼10 meV.
Several thermodynamic quantities were obtained from our PDOS, Table 7.2. The LambMössbauer factor and the Debye temperature of all of our Au-57 Fe and 57 Fe NPs are smaller
than those of bulk bcc Fe. The kinetic energy of the NPs is similar to that of bulk bcc Fe,
but higher values were found on the NPs where Fe oxide species might be present (uncoated
Au0.557 Fe0.5 (500 o C) sample and pure 57 Fe NPs [252]). The vibrational entropy of our NPs is
similar to that of bulk bcc Fe, while larger values were obtained for the Ti-coated Au0.557 Fe0.5
NPs, where a Au-rich fcc alloy was formed. The vibrational specific heat of our NP samples
is also similar to that of bulk bcc Fe, with only a small decrease observed on the two samples
containing oxidized Fe species mentioned above.

7.4

Conclusions

The thermal evolution of the morphological and electronic properties of bimetallic Aux Fe1-x
NPs supported on TiO2 (110) has been investigated in-situ via STM and XPS. The STM
measurements revealed that Au-Fe NPs prepared by diblock copolymer encapsulation and
self-assembled on TiO2 (110) exhibit a remarkable stability against geometric disorder. In
fact, the initial hexagonal arrangement was preserved up to an annealing temperature of 900
o

C.
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Table 7.2: Thermodynamic parameters at 295 K: Lamb-Mössbauer factor (fLM ), Debye temperature (θD ), kinetic
energy (Ek ), vibrational entropy (Svib ), and vibrational specific heat at constant volume (Cvib ).

Sample

fLM

θD (K)

Ek (meV/atom)

Svib (kB /atom)

Cvib (kB /atom)

Au0.257 Fe0.8

0.722(3)

381.9(3)

42.6(3)

3.33(3)

2.73(4)

0.689(2)

388.6(3)

44.4(3)

3.11(3)

2.61(4)

0.599(3)

331.0(4)

41.7(6)

3.63(5)

2.77(6)

NPs/SiO2 ,
700 o C, uncoated
293

Au0.557 Fe0.5
NPs/TiO2 (110),
500 o C, uncoated
Au0.557 Fe0.5
NPs/TiO2 (110),
500 o C, Ti-coated

Continued on next page

Table 7.2 – continued from previous page
Au0.557 Fe0.5

0.657(3)

320.6(4)

41.1(7)

3.82(5)

2.81(7)

0.658(3)

345.8(4)

42.2(5)

3.56(4)

2.75(6)

0.611(3)

384.3(8)

45.0(9)

2.95(7)

2.6(1)

0.7951(6)

423.74(9)

42.54(6)

3.133(9)

2.723(9)

NPs/TiO2 (110),
700 o C, Ti-coated
Au0.557 Fe0.5
NPs/TiO2 (110),
850 o C, Ti-coated
57
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Fe NPs(bcc)/Si,

500 o C, Si-coated
[252]
bulk bcc-Fe

XPS measurements were used to gain understanding on the onset of Au-Fe alloy formation
and segregation or encapsulation phenomena in NPs with similar average size but distinct
composition. In general, with increasing annealing temperature, four types of structures were
inferred in a NP: (i) segregated Fe and Au grains, (ii) a heterogeneous mixture of fcc-Au-Fe
alloy (majority phase) plus bcc Fe phase (minority phase), (iii) an Fe-rich core (bcc-Fe) and
a Au-rich surface, (iv) an Fe-Ti-O alloy after gold desorption. Fe encapsulation by TiOx is
unlikely in our NP samples due to our short annealing times.
As expected from the bulk phase diagram of Au and Fe, for a given particle size distribution, the onset temperature for these four regions strongly depends on the initial Au/Fe
ratios. Our study highlighted the remarkably high thermal stability of Au in Au0.8 Fe0.2 NPs
(up to 1000 o C), as compared to the pure Au, Au0.5 Fe0.5 , and Au0.2 Fe0.8 NPs, where Au was
found to desorb above 900 o C. This effect is tentatively attributed to a possible release of
core stress upon Au segregation to the NP surface. Detailed molecular dynamics studies are
needed to fully understand the origin of the enhanced thermal stability of certain Au-Fe NP
compositions.
We have also demonstrated that NRIXS is capable of following segregation trends in systems comprised of isolated, supported, bimetallic Fe-Au NPs by monitoring isotope-specific
change in the phonon density of states. In addition, important thermodynamic properties of
these systems were derived. The applicability of this type of study to other, NRIXS-relevant,
bimetallic systems is supposed [265].
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CONCLUSION

This dissertation describes experimental results relevant to the field of nanocatalysis. Our
NP synthesis techniques, based on the self-assembly of inverse micelles as well as nanosphere
lithography have been demonstrated to lead to uniformly distributed and size-selected metal
nanocatalysts. A number of experimental techniques were used to obtain morphological,
structural, electronic, chemical, and vibrational information on supported metal NPs such
as AFM, STM, TEM, XPS, TPD, and NRIXS.
Changes in the size and substrate arrangement of individual Au NPs supported on SiO2
were monitored by AFM as a function of the annealing time and gas exposure using a surface
indexation approach. Slight size variations in as-prepared NPs lead to the observation of
Ostwald ripening phenomena. Due to low melting temperature of the NPs as compared to
their bulk counterparts, closely spaced NPs are observed to coalescence. High temperature
annealing (1343 K) was found to induce desorption of SiOx . Interestingly, this desorption
was found to start around the Au NPs.
TiC-supported size-selected Au NPs with well defined interparticle distances were synthesized by diblock copolymer encapsulation. AFM, TEM, STM, XPS and TPD data have been
used to obtain correlations between the morphological and electronic properties of nanoscale
catalysts and their chemical reactivity. Using the low temperature oxidation of CO as a
model reaction, our TPD results showed an enhancement of the catalytic activity with decreasing particle size. Two desorption features were observed and assigned to kinks/steps
in the gold surface and the Au-TiC interface. The role of the interparticle distance on the
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activity was also discussed. AFM measurements showed drastic morphological changes (Ostwald ripening) on our NPs after CO oxidation when the initial interparticle distance was
small (∼20 nm). However, no sintering was observed when the Au NPs were more widely
spaced (∼80 nm).
The effect of the NP support on the stabilization of Au2 O3 and Pt-oxide species on the
NP surfaces and NP/support interfaces after O2 -plasma exposure and subsequent annealing
in vacuum was also explored. Au NPs with two different size distributions (average sizes
of ∼1.5 and ∼5 nm) were synthesized by inverse micelle encapsulation and deposited on
reducible (TiO2 ) and non-reducible (SiO2 ) supports. Our work demonstrates that (i) low
temperature (150 K) exposure to atomic oxygen leads to the formation of surface, as well as
sub-surface gold oxide on Au NPs, (ii) the presence of the reducible TiO2 substrate leads to a
lower gold oxide stability compared to that on SiO2 , due to a TiO2 oxygen vacancy-mediated
decomposition process, (iii) heating to 550 K (Au/SiO2 ) and 300 K (Au/TiO2 ) leads to a
near-complete reduction of small (∼1.5 nm) NPs while a partial reduction is observed for
larger clusters (∼5 nm), and (iv) the desorption temperature of O2 from pre-oxidized Au
NPs deposited on SiO2 depends on the NP size, with smaller clusters showing stronger O2
binding. Two different oxide species were detected on similarly-sized Pt NPs supported on
SiO2 , TiO2 and ZrO2 upon atomic oxygen exposure: PtO and PtO2 . A two-step thermal
decomposition process (PtO2 → PtO → Pt) was observed for all substrates. However,
when oxygen vacancies are created by sample annealing in vacuum above 600 K (Pt/TiO2
system), enhanced Pt-support interactions and the formation of Pt-Ti and/or Pt-Ti-O alloys
are observed. Encapsulation of the Pt NPs by TiOx is also found to be present at elevated
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temperatures.
The thermal stability and vibrational properties of mono- and bimetallic Aux Fe1-x (x =
1, 0.8, 0.5, 0.2, 0) NPs supported on TiO2 (110) were investigated. A majority phase of
a gold-iron alloy (solid solution) was achieved for our Au0.5 Fe0.5 NPs in the temperature
range of 700oC−800o C, and for Au0.2 Fe0.8 NPs at 800o C, while a phase mixture of bcc Fe
and Au-Fe alloy was observed for the Au0.8 Fe0.2 system at 800o C−900o C. For all samples
the segregation of Au atoms towards the NP surface was detected upon high temperature
annealing (800o C) in vacuum. Nearly complete Au desorption was observed by XPS at
900o C for Au0.2 Fe0.8 NPs, at 1000oC for Au0.5 Fe0.5 NPs, and at 1060o C for Au0.8 Fe0.2 NPs.
The enhanced thermal stability of Au in the Au0.8 Fe0.2 NPs is believed to be related to the
formation of core(Fe)/shell(Au) structures. Furthermore, contrary to the case of pure Fe or
Fe-rich NPs where nearly complete Fe desorption or Fe diffusion into TiO2 was observed at
1000o C, an Fe signal was detected at this temperature for the Au-rich samples (Au0.8 Fe0.2
and Au0.5 Fe0.5 ). NRIXS measurements allowed us to investigate the structure and atomic
segregation phenomena in Au-57 Fe NPs by monitoring changes in the Fe-projected phonon
density of states.
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